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Preface
By use of probiotics people can dramatically 
expand their exposure to protective chemicals 
and thus readily reduce their risk of multiple 
diseases. Specific foods, individual fruits or 
vegetables and their by-products are biomedi-
cines with expanded understanding and use. 
However, which bacteria and their metabolism 
of bio-molecules in the diet are best to prevent 
with disease or promote health? How can their 
growth be stimulated? What dietary supple-
ments will help the bacteria proper and provide 
health benefits? This book focuses on probiot-
ics and their role in bio-modulation of natural 
products to produce active agents from inactive 
molecules in dietary fruits and vegetables.

This book brings together experts working on 
the different aspects of supplementation, foods, 
and bacterial preparations, in health promo-
tion and disease prevention. Their expertise and 
experience provide the most current knowledge 
to promote future research. Dietary habits need 
to be altered, for most people. Therefore, the 
conclusions and recommendations from the var-
ious chapters will provide a basis for change.

Probiotics and prebiotics are dietary sup-
plements. They are now a multi-billion-dollar 
business which is built upon limited but grow-
ing research data. For example the U.S. Food 
and Drug Administration is pushing the whole 
i

dietary supplement industry, with the support 
of Congress, to base its claims and products on 
scientific research. Since common dietary bacte-
rial preparations are over-the-counter and read-
ily available, this book will be useful to laymen 
who apply it to modify their lifestyles, as well 
as to the growing nutrition, food science, and 
natural product community. This book focuses 
on the growing body of knowledge on the role 
of various bacteria in reducing disease.

Expert reviews define and support the 
actions of bacteria; materials that promote gas-
trointestinal organisms, bacteria modified bio-
molecules they make as well as modified from 
other materials that are part of the diet. As such 
probiotic bacteria with health-promoting activ-
ities may have biological activity. Therefore, 
their role is a major emphasis, along with dis-
cussions of which agents may be the active 
components.

The overall goal is the most current, concise, 
scientific appraisal of the efficacy of key foods 
and constituent bacteria and their growth pro-
moting food sources, in preventing disease and 
improving the quality of life. This book reviews 
and often presents new hypotheses and conclu-
sions on the effects of different bioactive com-
ponents of probiotics to prevent disease and 
improve the health of various populations.
x
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Production of Probiotic Cultures and 
Their Incorporation into Foods
Edward�R.�Farnworth�and�Claude�Champagne
Food Research and Development Centre, Agriculture and Agri-Food Canada  

Saint-Hyacinthe, Quebec, Canada

1
C H A P T E R
�
�
Bioactive�Foods�in�Promoting�Health:�Probiotics�and�Prebiotics�

1. IntRoDuCtIon

Our understanding of the population of bac-
teria that inhabit the gastrointestinal tract is 
increasing, and it is becoming more evident that 
the makeup of this large diverse bacterial com-
munity impacts on our digestion, metabolism  
and health [1, 2]. The chapters in this book 
illustrate the many and varied ways in which 
human health might be improved by the con-
sumption of live bacteria.

Many experiments involving the feeding of 
probiotic bacteria have used the organism of 
interest either alone, or added to milk or yogurt 
[3–8]. However, as the number of bacteria iden-
tified with beneficial properties has grown, 
there has been increasing interest in expanding 
the type of foods into which these beneficial 
bacteria could be added. However, live bacte-
ria often have strict nutrient requirements for 
growth, and their viability can be dependent on 
the environment (food matrix) in which they are 
located.
©�2010,�Elsevier�Inc.�and�Crown�Copyright.
Published�by�Elsevier�Inc.�All�rights�reserved.

A commonly accepted definition of probiot-
ics is that they are ‘live microorganisms which, 
when administered in adequate amounts, confer 
a health benefit on the host’ [9]. This implies that 
cells must be alive when consumed, and explains 
why the focus of this chapter is on the deliv-
ery of viable cells. However, there are instances 
where a beneficial effect derived from a probi-
otic culture does not need live cells [10]. We shall 
address this aspect and introduce the concept of 
‘probioactives.’

Furthermore, in the definition of probiotics 
given above, the efficacy of probiotic-carrying 
foods can only be assured when: a) beneficial 
bacteria have been added to foods and bever-
ages in sufficient numbers; b) means have been 
found to minimize harmful/food matrix inter-
action; and c) viability has been maintained dur-
ing manufacture, storage and consumption. This 
chapter will detail the challenges that face food 
manufacturers who wish to add bacteria to their 
probiotic products, and outline some of the solu-
tions that have allowed for the development of 
an ever-growing diverse line of probiotic foods.



1. PRobIoTIC CulTuREs InTo Foods�
2. PRoDuCtIon oF PRobIotIC 
CultuReS FoR FooDS oR  

FooD SuPPlementS

The technology related to the production of 
probiotic cultures by specialized suppliers has 
already been reviewed [11]. Therefore, this sec-
tion will not focus on the production parameters 
that affect the biomass yields. rather, empha-
sis is placed on production parameters as they  
pertain to subsequent viability of the cultures in 
stressful conditions. The more cells are able to 
survive stressful conditions in food processing 
and storage, and/or the stomach, the greater is 
their viability once they reach to the intestines.
A. InTrOducTIOn
A summary of the production parameters 
that impact on the ability of probiotic bacteria 
to survive challenges in the food and the gastro-
intestinal tract (GIT) are presented in Table 1.1. 
The first parameter, strain selection, is arguably 
the most important. Lactic cultures are notori-
ous for variability (even within a given spe-
cies) of their abilities to grow on food matrices 
as well as survive heating, freezing, or storage 
in acid environments [12]. In the past, probiotic 
cultures destined for addition to foods were 
chosen, therefore, mainly on their technologi-
cal properties [13]. However, the requirement 
for demonstrated health effects has resulted in 
this parameter increasingly being the principal 
element of strain selection for food applications.  
tAble 1.1 Parameters during the production of the commercial probiotic cultures that affect their ability  
to survive stress conditions in foods or in the gastrointestinal tract (GIT)

Stage Parameter Basis of effect

cultures selection Strain variations in the nature and quantity of genetically-
determined cell components.

Fermentation 1.  Above optimal growth 
temperature

2.  Sub-optimal growth 
temperature

3. Sub-optimal pH
4. Presence of oxygen

1, 3 and 4. Induce stress responses evidenced by specific 
proteins.
2. Some stains have enhanced exopolysaccharide production.
1 and 2. change the lipid composition of cell membranes.

concentration Pumping during ultrafiltration. 
Pressure during centrifugation

damage to cell walls reduce their ability to subsequently 
resist the stress. Temporary only, if a ‘repair’ period is 
allowed before exposure to the stress.

Stabilization Freezing or drying Freezing and drying generate damage to cell wall, 
membranes and intracellular components. Freeze-dried cells 
are thus generally more damaged that frozen only. Fresh 
liquid cultures generally are more resistant to food or GIT 
stresses than free. Temporary only, if a ‘repair’ period is 
allowed before exposure to the stress.

encapsulation Technique used: 
microentrapment (Me) in 
alginate beads or spray-coating 
(Sc) with fats

Free cells are more rapidly exposed to a stressful 
environment than Sc or Me cultures (Sc initially better 
than Me for this effect). Free cells distribute rather evenly 
in the matrix but not Sc and Me which remain in a capsule 
microenvironment (Me better than Sc for this effect).

Shipping Temperature The lower the temperature (even in the frozen state) the 
more the cells are stable.
 And OvervIeW



�3. EnsuRInG dElIvERy oF vIAblE CulTuREs In Foods And suPPlEmEnTs
In this situation, production and food process-
ing parameters must be adapted to prevent 
lethal or sub-lethal damages to cells.

Production parameters of probiotic cultures 
can be adapted at the fermentation, concentra-
tion, stabilization, or storage levels (Table 1.1). 
For example, fermentation temperature modi-
fies the composition of bacterial membranes 
[14]. A first concept that must be emphasized 
is that cells can have sub-lethal damage due to 
processing parameters. This damage can be to 
the cell wall or the membranes [15]. Presumably, 
denaturation of internal cell components (for 
example enzymes) would also generate such 
sub-lethal damage. It is easy to visualize how 
high pressures, freezing, and drying can have 
such effects on cells, and how they result in cul-
tures having lower subsequent resistance to det-
rimental environmental conditions [16]. But it is 
less obvious how the fermentation conditions 
can damage the cells. For example, with lactic 
cultures, it is well known that extensive over-
incubation of a starter with [17] or without [18] 
pH control, will result in lower specific acidi-
fying activity. A second concept that warrants 
mention is that applying limited controlled 
stresses can actually increase the ability of cul-
tures to survive subsequent harsh conditions. 
As an example, when Lactobacillus delbrueckii  
ssp. bulgaricus cells were submitted to a heat 
pre-treatment at 50°c or to a hyper-osmotic  
pre-treatment, the viability of cells to a lethal 
temperature challenge (65°c) increased [19].  
A small heat pre-treatment can also improve 
survival to freeze-drying [20]. Other data show 
how sub-lethal acid shocks improve viability  
to heating [21] or freezing [22]. From these two 
concepts it is clear that biomass production 
parameters modify the resulting cells; some-
times to their disadvantage, sometimes to their 
benefit. This requires research and a stringent 
process control to successfully produce pro-
biotic cultures with an improved ability to be 
delivered in a viable state in foods following 
harsh processing conditions.
A. InTrOducTIOn
�. enSuRIng DelIveRy oF 
vIAble CultuReS In FooDS  

AnD SuPPlementS

�.1. Delivering as Food Supplements

Supplements are typically delivered in caplets 
or capsules. The ability of the products to deliver 
probiotics is mainly set at the production level 
and, for consumers, storage then becomes the 
main issue for viability. There are three principal 
factors which influence the viability of probiotics 
during storage: temperature, oxygen and relative 
humidity.

As a rule, cultures, even dried, should be kept 
refrigerated. In traditional freeze-drying pro-
cesses, increasing the storage temperature from 
4 to 25°c results in a ten-fold reduction of stabil-
ity [23]. Some commercial products can be kept 
at room temperature over a few months and do 
not suffer losses in viability greater than 1 log. 
However, highly specific and controlled manu-
facturing conditions are required to obtain such 
products. As a result, there are reports of prod-
ucts, often inappropriately stored on the shelves, 
that do not have the claimed populations [24]. 
Another problem is the fact that strains do not 
die at the same rate during storage [23]. Thus, 
the ‘total’ population in the product might be 
correct, but the strain ratios could be signifi-
cantly modified during storage.

Moisture is the second parameter to consider. 
As a rule, dried cultures should have a water 
activity (aw) content of 0.1, and high losses in 
viability occur above an aw of 0.3 [25]. during 
storage it is imperative that the moisture in the 
air be able to increase the aw of the culture pow-
der. To prevent exposure of the cultures to water 
during storage, two actions are taken by compa-
nies: 1) packaging in water-impermeable bottles 
or films; and 2) addition of small moisture- 
binding sachets in bottles. These strategies work 
well until the packaging is opened. From this 
point on, the stability of the culture will depend 
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on the amount of water that is absorbed by the 
product, especially when the packaging bottle is 
repeatedly opened.

Finally, oxygen is detrimental to the viability 
of probiotics during storage. To enhance stabil-
ity during storage, companies typically add anti-
oxidants in the drying medium. Oxygen binders 
also exist in sachets, but they are not used nearly 
as much as the water-absorbing ones. As for 
moisture, this protection is reduced when the 
product is opened.

All of these elements point to desirable prac-
tices for consumers who wish to receive the 
maximum delivery of probiotics through caplet 
or capsule supplements:

1. Keep products refrigerated, even if the label 
states that the cultures are stable at room 
temperature.

2. close the bottle as rapidly as possible once 
the supplement is taken, in order to reduce 
the entrance of oxygen and moisture into the 
bottle.

3. If water-absorbing or oxygen-binding sachets 
are present in the bottle, do not remove them.

�.2. Delivering by Processed Foods

The first foods with probiotic bacteria were 
yogurts, and fermented milks are still the most 
important food vehicle for the delivery of pro-
biotic bacteria. However, other foods have 
now appeared which carry probiotic bacteria. 
numerous entries in the functional food market 
are linked to beverages, such as unfermented 
milk and fruit juices. cheese is also gaining 
acceptance in the market. In addition to these 
commercial products, many research projects 
have been carried out which propose the addi-
tion of probiotics to chocolate, sausages, cereal 
products, dried products and vegetables. A 
multitude of food products contain lactic cul-
tures and are subject to enrichment by probiotic 
bacteria [26]. Therefore, the potential of delivery 
of probiotic bacteria by foods is immense.
A. InTrOducTIOn
The first question, with respect to delivering 
probiotics in foods, is ‘how do we add the cul-
tures to the food matrix?’ With the exception 
of very large companies, probiotic cultures are 
not prepared at the food processing plant but, 
rather, added directly to the vat. This is some-
times called ‘direct to the vat inoculation’ (dvI). 
various reasons explain this [27], but mostly it 
is for greater flexibility, and to better standard-
ize the delivery of the cultures. dvI can be car-
ried out by simply opening the sealed packaging 
and adding the frozen or dried culture to the 
food matrix. Although it appears easy, if done 
inappropriately it can lead to substantial losses 
in viability. Indeed, how a culture is thawed or 
hydrated can result in a ten-fold variation in  
colony-forming units (cfu). With respect to fro-
zen cultures, the thawing temperature needs to 
be selected, but few other thawing parameters 
seem to require specific adjustments. This makes 
inoculation with frozen cultures rather easy, and 
few mistakes can be made. This is not the case 
with the freeze-dried cultures. Although dried 
cultures are much easier to ship and store than 
frozen ones, their use in the food processing 
plant is more difficult. In addition to the plat-
ing medium itself, four rehydration parameters 
influence cfu counts following addition of a 
powder in a food matrix (Table 1.2). It should be 
mentioned that these data could also be applied 
to clinicians wishing to provide probiotics to 
patients through foods. rehydration of a powder 
into a cold fruit juice and drunk immediately, for 
example, introduces three conditions (low tem-
perature, high acidity, no recovery period) which 
potentially generates viability losses. A question 
thus arises: ‘could probiotic preparation tech-
niques be responsible for wide variations of inoc-
ulation level and, hence, variable clinical effects?’

The second point to consider is ‘can the pro-
biotic cultures survive the processing steps?’ 
Processing of foods requires various techno-
logical steps, and many are detrimental to  
the viability of probiotic bacteria. examples 
are presented in Table 1.3. It can be seen that  
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viability losses sometimes reach 6 logs. reviews 
of the challenges which occur during food 
processing have been published [12, 28], and 
the reader is referred to these publications for 
examples of applications. To prevent viability 

tAble 1.2 Factors that affect the viable counts of 
lactic or probiotic cultures following rehydration

Factor Effect Reference

rehydration 
medium 
composition

viability in 
milk  peptone   
water

[85, 86]

Solids level in 
rehydration 
medium

Lower cfu in diluted 
media

[87]

rehydration 
temperature

Highest cfu at  
optimum growth 
temperature

[85, 88]

rehydration 
time

Less than 10 or longer 
than 30 minutes 
detrimental to cfu 
counts in highly 
concentrated cultures

[87]

Plating medium very variable [89]
A. InTrOducTIOn
losses during processing, two main strategies 
have proven successful:

1. Modify the food matrix
a.	 pH (neutral pH preferable)
b.	 addition of antioxidants
c.	 addition of growth factors (prebiotics, 

plant or yeast extracts)
d.	 selection of non-toxic ingredients 

(flavours, preservatives).
2. Modify the process

a.	 lower temperatures
b.	 include vacuum or nitrogen flushing
c.	 modify the fermentation parameters 

(selection of compatible starter 
culture, inoculation rate, enzymes)

d.	 adapt cells by applying sub-lethal 
stresses (thermal, pH, osmotic).

Although adapting media and processing 
conditions may seem easy, it is not. As an exam-
ple, in the development of a new fermented 
milk containing probiotic bacteria, 21 param-
eters can be considered (Table 1.4).

A third point to consider is storage. 
unfortunately, processing parameters are not 
the only elements which affect the delivery of 
tAble 1.� Examples of how food processing conditions affect the viability of probiotic bacteria

Process Food Loss of viability Reference

Species Effect

Addition to the  
food matrix

cranberry juice 
concentrate

L. rhamnosus ↓ 0.7 to 2.3 logs [90]

Addition of 
ingredients

Flavours in dairy 
products

Lactobacilli and 
Bifidobacteria

Many fruit extracts cause ↓ [91]

Addition of starter 
cultures

Fermented milks Bifidobacteria viable counts 1 log lower in 
mixed cultures

[92]

Blending/pumping edible spread B. infantis ↓ of up to 4 logs during 
processing

[93]

Pasteurization Peptone broth Lactobacilli ↓ of 6 logs to 65°c for 30 min [94]

Freezing Ice cream L. bulgaricus ↓ of 1 log [95]

↓  reduction in viability.
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tAble 1.� Parameters that need to be considered in the development of a probiotic-containing yogurt

Milk blend Fermentation Storage

l animal source
l pre-processing storage time of  

raw milk
l non-fat solids
l fat content
l growth supplements
l sugar level
l flavours and fruits
l preservatives
l heating parameters
l redox level

l compatible starter
l form of starter or probiotic  

(liquid, dvI)
l if dried dvI, rehydration parameters 

(solids, temperature, time)
l inoculation level of starter or 

probiotic (cfu/mL)
l moment of inoculation of probiotic
l fermentation temperature
l fermentation time

l pH (yogurt and after fruit addition)
l moment of inoculation of the 

probiotic
l L. bulgaricus content and activity 

(H2O2, over acidification)
l redox level, addition of antioxidants
l packaging, particularly with respect 

to oxygen permeability
l encapsulation

reproduced with permission from champagne [96].

tAble 1.� Effect of storage in a fruit juice blend for 35 days at 4°C on subsequent viability losses of four probiotic 
cultures to conditions simulating gastrointestinal stresses

Culture condition Strain Viability loss (log cfu/mL) after treatment1

Acid (pH 2) Bile (0.25%) Pancreatic enzymes

Fresh L. acidophilus LB3 2.8 1.2 0

culture L. rhamnosus LB11 2.8 0.3 0

L. reuteri LB38 2.7 0.1 0

L. plantarum LB42 2.6 0.2 0

Stored L. acidophilus LB3 5.0 0 0

(35 days) L. rhamnosus LB11 4.5 0 0.1

L. reuteri LB38 3.2 0 0.2

L. plantarum LB42 3.7 0 0

reproduced with permission from champagne and Gardner [97].
1In reference to control treatment (Base medium at pH 6.0).
viable cells to consumers in foods. As was the 
case for supplements, viability losses occur dur-
ing storage. Again temperature, moisture and 
oxygen constitute factors which affect the extent 
of population losses. However, in foods, addi-
tional factors must be mentioned: nature of the 
starter culture, pH, redox level, type of packag-
ing. Storage also not only affects the viability 
of cells per se, but also the ability of the viable 
cells to survive the harsh environment of the 
A. InTrOducTIOn
GIT following consumption. Thus, cultures of 
lactobacilli were much more sensitive to low 
pH similar to that in the stomach, when they 
had been stored for 35 days in a fruit juice blend 
(Table 1.5). Fortunately, the ability to survive 
exposure to bile salts was not affected by this 
35-day storage period in the juice (Table 1.5). 
Little is known on how storage can affect the 
subsequent functionality of probiotic bacteria, 
and more research is needed in this area.
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Finally, the question of how viability can be 
affected at consumers’ homes has received lit-
tle attention. With beverages in large containers 
(greater than 1 L), bottles are opened, a portion 
is taken (typically 250 mL), and the remainder is  
replaced in the refrigerator. Since some probi-
otic bacteria are quite sensitive to oxygen [29], 
a concern can be raised on the detrimental effect 
of oxygen on the cells found in the remaining 
beverage. With L. rhamnosus r0011 this has not 
been found to be a problem [30], but studies on 
other cultures, particularly bifidobacteria, seem 
warranted.

�. ADDItIon oF PRobIotICS  
to FooDS—enSuRIng  

eFFICACy

�.1. effective Dose

consumers who are looking to add probiotic 
bacteria to their diet have several questions to ask 
themselves. The first question is—’which bacteria 
to consume?’ The science behind the beneficial 
effects of consuming probiotic bacteria is expand-
ing. Although there have been a large number of 
diseases/health conditions that have been the 
target of probiotic treatment studies, a consen-
sus on the effectiveness of probiotics for specific 
uses in humans is limited to a few applications 
at the present time. This reality is emphasized by 
the fact that, to date, very few probiotic products 
have received health claims approved by health 
regulatory bodies [31–33].

The second and equally important question 
is that of dose and duration of the consump-
tion. Because of the lack of clear scientific evi-
dence to show the level of consumption to 
ensure efficacy, the industrial strategy appears 
to have been to add as many live bacteria to a 
food product as is technically and economically 
realistic [34]. This inevitably results in the con-
clusion on the part of the consumer that ‘more 
is better.’ It is difficult to find published data for 
A. InTrOducTIOn
proposed probiotic bacteria to satisfy the major 
part of the probiotic definition—’...administered 
in adequate amounts confer a health benefit...’ 
[9]—a definition that clearly requires demon-
stration of the effective dose.

It has to be emphasized that the minimum 
number will vary depending on the bacteria (at 
the species and sub-species level) being used, the 
form in which it is consumed (as part of a food 
or in a capsule or pill), and the application it is 
being used for. The scientific literature contains  
a large range for the number of bacteria that 
have been suggested to produce a probiotic 
effect; 105 colony-forming units (cfu) as a 
‘therapeutic minimum’ [35] to 1011 [36]. unlike 
studies of new drugs, dose response studies for 
probiotic bacteria are not common [36–38].

The Fermented Milks and Lactic Acid Bacteria 
Beverages Association in Japan have set a mini-
mum of 107 bifidobacteria/g or mL for fer-
mented milk products in Japan [39]. cOdeX has 
set a minimum of 106 cfu/g for microorganisms 
added (in addition to those added to produce 
the product) to fermented milk and yogurt [40]. 
recommendations for foods other than fer-
mented milk are not evident at this time.

Although there is still much work to be done 
in establishing the effective dose for bacteria for 
specific applications, there is universal agreement 
that probiotics need to be consumed daily. This 
arises from the fact that probiotic bacteria pres-
ently available, even those from human sources, 
do not establish themselves in the human gas-
trointestinal tract. The endogenous population 
becomes established early on in life. even though 
some potential probiotic bacteria have been 
shown to have the ability to adhere to intestinal 
cells and mucus soon after the cessation of con-
sumption, they cannot be found in fecal samples, 
indicating their inability to implant, grow and 
multiply in the GI tract [41–44].

Some, but not all, definitions of a probiotic 
bacteria emphasize the need for the bacteria to 
be alive when they are consumed/adminis-
tered [45]. However, there appears to be some  
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Bacterial
culture

Sodium  alginate solution
(w/o starch)

Calcium carbonate

Cell suspension in alginate Cells + carbonate in alginate 

CaCl2 solution

OilOil
CaCl2 
solution

Acid
solution

AAllggiinnaattee
ggeell bbeeaadd

MMiiccrrooeennttrraappppeedd
bbaacctteerriiaa

Chitosan
solution

CChhiittoossaann
ccooaattiinngg

AAllggiinnaattee
ddrroopplleettss

AAllggiinnaattee
ddrroopplleettss

FIguRe 1.1 Three methodologies based on extrusion or emulsion to obtain alginate beads (reproduced with permis-
sion from claude champagne).
beneficial effects that do not necessarily require 
that the bacteria are in fact alive when con-
sumed (see below).

�.2. effect of Food matrix

In addition to the effect of storage on the abil-
ity of a probiotic culture to survive a simulated 
gastric environment (Table 1.5), the nature of 
the food matrix itself has an effect. data from 
Saxelin et al. [46] show an increased recovery of 
L. rhamnosus in human stools resulting from the 
following delivery matrices: powder  juice or 
fermented milk  unfermented milk  cheese. 
The buffering ability of the food matrix is 
arguably a critical factor. But the presence of 
a fermentable carbohydrate also improves a 
culture’s ability to survive a simulated gastric 
environment [47]. In this instance, the carbohy-
drate provides the cell with the ability to pro-
duce ATP, which is required for pumping out 
A. InTrOducTIOn
acid from the cytoplasm. not surprisingly, the 
fibre/carbohydrate content of the food matrix 
strongly affects the stability of probiotic bacteria 
during storage in a fruit juice [48].

�.�. using encapsulation

The most important recent advance in 
improving the delivery of probiotics has been 
encapsulation. There are various techniques 
available [49], but two have retained the most 
attention (Table 1.1; Figures 1.1 and 1.2). The 
microentrapment (Me) technology has been 
applied mostly to alginate (Figure 1.1), but 
many other polymers can be used, such as car-
rageenan, pectin, whey proteins. A further 
advantage of the alginate Me technology is that 
it enables a novel biomass production method 
[50] that can prevent many of the damages to 
cells which occur during the traditional process  
(Table 1.1). Although Me with alginate has 
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Fluid-bed Wurster Tangential

CA

CA

CA

CA
CM

CM

Granules containing
probiotic bacteria

Coating material

Spray-coating units

Compressed air

Fluidizing air

CM

CM

FIguRe 1.2 various methodologies of spray-coating (reproduced with permission from claude champagne).
obtained wide interest in the academic commu-
nity, its industrial acceptance has been limited. 
rather, industry has preferred spray-coating 
(Sc) (Figure 1.2). cultures encapsulated with 
the Sc technology have much slower rehy-
dration properties than the Me cultures or the 
standard free-cell cultures. This is very helpful 
when short exposure to a very stressful envi-
ronment, such as stomach acid, is required. 
Accordingly, the cultures prepared for the sup-
plement market are encapsulated by Sc rather 
than Me.

There are reviews on the benefits of encap-
sulation in the delivery of probiotics in dairy 
products [51] and other foods [52].

In summary, Mes increase the resistance of 
probiotic bacteria to rehydration in the presence 
of spices, heating, freezing, pumping/blending, 
and storage in yogurt. Me in alginate (Figure 
1.1) has often been found to improve survival to 
the gastric environment [53–57]. However, there 
are also reports with negative data [58, 59]. The 
reasons for these discrepancies could be the 
bead production method or coating method 
(Figure 1.1), particle size or cell load [51, 60]. 
Although Me is effective in protecting cells in 
simulated stomach conditions, Sc is probably 
even more effective at that level.
A. InTrOducTIOn
�.�. Simulated gastrointestinal  
tract Conditions

There are many examples where probiotic bac-
teria need to arrive alive at the site of action in the 
gastrointestinal tract. It is commonly believed that 
the lower GIT, viz. the colon, is the target. even 
when product formulation procedures that ensure 
viability during production and storage have been 
used as described above, the live bacteria must 
survive transit of the upper GIT. ethics, cost, and 
complexity of tests prevent the testing of foods 
containing probiotics using human feeding trials. 
In vitro tests, using models of the GIT, can be used 
to provide data about the ability of bacteria to sur-
vive the harsh conditions of the upper GIT.

Many studies that have used test-tube exper-
iments to simulate the acidic conditions in the 
stomach, and exposure to bile salts and diges-
tive enzymes that occur in the small intestine, 
have been reported [61–63]. However, such tests 
cannot replicate the dynamic conditions that 
occur in the human GIT, and are limited to test-
ing the actual bacteria as opposed to testing the 
(as eaten) food product. The effects of absorp-
tion of nutrients, interaction with undigested 
and partially digested food, and peristalsis  
cannot be studied in such simple systems.
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Several dynamic in vitro models simulat-
ing both the events that occur in the stomach 
and the small intestine of the human GIT have 
been published [64–66]. using gravity, pump or 
mechanical peristalsis, samples move from one 
chamber to the next and are exposed sequen-
tially to Hcl (stomach), bile salts (intestine) and 
digestive enzymes (intestine). The TnO system 
[64] also contains porous filters that allow small 
molecules to pass out of the model, thus simu-
lating absorption. Samples can be taken along 
the artificial GIT to study how bacteria survive 
and how the food matrix can protect them (e.g., 
buffering effects). Such information allows food 
manufacturers to change conditions in their 
products that ensure adequate numbers of pro-
biotic bacteria to arrive at their site of action.

In spite of their sophistication, even these 
dynamic in vitro systems are still limited to  
liquid or puréed samples. However, such  
in vitro GIT simulators have been used to test 
the protective characteristics of potential encap-
sulation techniques [67].

�. ConCePt oF PRobIoACtIve

The beneficial effects resulting from the con-
sumption of probiotic bacteria are believed to be 
dependent upon the administered/consumed 
bacteria still being alive [68, 69]. Interactions 
between the probiotic bacteria and the intesti-
nal wall cells and resulting changes to the host’s 
immune system are possible [70]. However, in 
cases where bacteria have been added to a food 
matrix, and a fermentation has occurred, it is 
not always evident that the bacteria in the prod-
uct are the responsible agents [31, 71]. during 
fermentation, bioactives could have been gene-
rated due to the action of the probiotic bacte-
ria on the food matrix. It is also possible that 
the probiotic bacteria produce metabolites that 
are bioactive, as they grow in the food matrix.  
In both cases, once these ‘probioactives’ have 
A. InTrOducTIOn
been formed, there would be no further need 
to have live bacteria in the product. Figure 1.3 
shows how these two types of probioactives 
could be found in probiotic foods. This concept 
of probioactives is more inclusive, and more 
clearly defines the different origins of beneficial 
ingredients in fermented foods than the term  
biogenics [72].

�.1. Probioactives from the Food matrix

during bacterial fermentation of many foods, 
the action of the bacteria on the food matrix can 
produce a wide variety of compounds from the 
initial constituents of the food. In some cases, it 
is the generation of these bioactive compounds 
or probioactives that give the fermented food its 
health benefits.

The most common matrix for probiotic bacte-
ria is cows’ milk, although a wide variety of fer-
mented foods believed to be beneficial to health 
can be found around the world [73]. It has 
been shown that, through bacterial hydrolytic 
enzyme activity on cows’ milk, a variety of pep-
tides can be produced that have biologic effects 
including antihypertension (from angiotensin 
conversion enzyme (Ace) inhibition peptides), 
opioid agonism, antidiarrheal effects (from 
casomorhin production), and induction of pro-
tective immunity against infections and some 
tumors (from immunomodulatory peptides) 
[74, 75]. The release of free amino acids is also 
possible depending on the bacteria involved 
and their protease/peptidase activity. Milk 
glutamic acid is the source of -aminobutyric 
acid (GABA) in cheese due to the action of lactic 
acid bacteria; GABA has been shown to be use-
ful in improving brain metabolic function and  
hypertension [76].

Bioconversion of the isoflavone glucosides 
(daidzin, genistin) into their corresponding 
bioactive aglycones (daidzein, genistein) has 
been reported during soymilk fermentation 
[77, 78].
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Included in the list of probioactives would 
be the short-chain fatty acid butyric acid found 
in many cheeses [79]. during the production 
of cheese, bacterial action on the milk fats can 
result in high levels of butyric acid; butyric acid 
has been recognized as an anticancer agent and 
may be implicated in the regulation of choles-
terol metabolism [80].

As the development of fermented functional 
foods expands to include an ever-increasing 
number of food matrices, and the number of bac-
teria used to carry out the fermentation of these 
foods grows, new probioactives will be gener-
ated (Figure 1.3).

�.2. Probioactives from bacterial 
metabolism

Microorganisms use the milieu/media that 
surround them to produce a wide variety of 
metabolites as they grow and reproduce. These 
metabolites serve many purposes including con-
tributing to the structure of the cell’s wall, car-
rying out digestion of nutrients required by the 
bacteria, providing protection for the bacteria 
against other bacteria, and allowing the bacte-
ria to survive in its environment/niche. Some of 
these metabolites are found on the outside of the 
cell wall, some are excreted into the surrounding 
milieu, while others are only liberated after the 

Food Matrix

Micro-organism(s)

+
fermentation

Fermented product

+
Bio-active originating from
food matrix

+

Bio-active originating
from micro-organisms

Pro-bioactive

FIguRe 1.� The production of probioactives in foods.
A. InTrOducTIOn
bacterial cell’s wall is ruptured. Some bacterial 
metabolites could be bioactive and have benefi-
cial effects on the host through which the probi-
otic bacteria are passing.

-galactosidase is the enzyme responsible for 
the hydrolysis of lactose into its two constitu-
ent sugars, glucose and galactose; insufficient  
-galactosidase activity in the brush border 
membrane on the mucosa in the small intestine 
leads to lactose maldigestion. Some bacteria also 
produce this enzyme, and it has been found that 
lactose maldigestion can be overcome by eating 
yogurt that contains bacteria which synthesize 
-galactosidase. However, it has been reported 
that lactose hydrolysis is the same if the bacteria 
(producing -galactosidase) consumed are alive 
or not [81]. It is the bacterial enzyme that is the 
probioactive element.

Bacteria have a wide variety of enzymes, and 
therefore the careful selection of bacteria to be 
added to a food could target specific metabolic 
or digestive problems in the host. Bacteria are 
capable of producing a wide variety of exopoly-
saccharides that serve many purposes [82]. 
Several of these complex carbohydrates have 
also been shown to have potential beneficial 
effects including—antitumor properties, immu-
nostimulatory properties, and possible effects 
on cholesterol metabolism [83, 84]. These ben-
eficial effects are due to the exopolysaccharides 
and not the bacteria that produced them.

�.�. Protection of Probioactives

It is apparent that the health benefits of fer-
mented foods can be attributed to probioactives 
derived from the initial food matrix or that can be 
the result of bacterial metabolism during fermen-
tation. In either case, the bioactive action of the 
food would not require that the responsible bac-
teria be alive when consumed. However, to retain 
their bioactive effect, food producers will have to 
find ways to protect probioactives during produc-
tion and storage up to the time of consumption.
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�. ConCluSIon

consumers eager to include probiotics in 
their diet need to be aware that the ingredients 
responsible for the health benefits—be they 
live bacteria or probioactives—are easily killed 
or destroyed during production, packaging, 
and storage. Only products produced by com-
panies that have the knowledge and capabil-
ity to produce such sensitive foods should be 
eaten. Products need to be formulated so that 
the live bacteria or probioactives arrive at the 
site of action in sufficient numbers to be effec-
tive. consumers should read labels carefully to 
ensure that the product they have purchased 
has the bacteria (identified to the species or sub-
species level) that will produce the effect they 
want. In the future, more foods will contain live 
bacteria, as technologies such as encapsulation 
become widely used in the food industry.

References
1. Guarner, F., & Malagelada, J.-r. (2003). Gut flora in 

health and disease. The Lancet, 360, 512–519. 
2. Saavedra, J. M. (2007). use of probiotics in pediatrics: 

rationale, mechanisms of action, and practical aspects. 
Nutrition in Clinical Practice, 22, 351–365. 

3. Biasco, G., Paganelli, G. M., Brandi, G., et al. (1991). 
effect of Lactobacillus acidophilus and Bifidobacterium bifi-
dum on rectal cell kinetics and fecal pH. Italian Journal of 
Gastroenterology, 23, 142. 

4. Orrhage, K., Lidbeck, A., & nord, c. e. (1991). effect of 
Bifidobacterium longum supplements on the human fecal 
microflora. Microbial Ecology in Health and Disease, 4, 
265–270. 

5. Goldin, B. r., Gorbach, S. L., Saxelin, M., et al. (1992). 
Survival of Lactobacillus species (strain GG) in human 
gastrointestinal tract. Digestive Diseases and Sciences, 37, 
121–128. 

6. de roos, n. M., Schouten, G., & Katan, M. B. (1999). 
Yogurt enriched with Lactobacillus acidophilus does not 
lower blood lipids in healthy men and women with 
normal to borderline high serum cholesterol levels. 
European Journal of Clinical Nutrition, 53, 277–280. 

7. Gardiner, G. e., Heinemann, c., Baroja, M. L., et al. 
(2002). Oral administration of the probiotic combination 
Lactobacillus rhamnosus Gr-1 and L. Fermentum rc-14  
A. InTrOducTIOn
for human intestinal applications. International Dairy 
Journal, 12, 191–196. 

8. Bonorden, M. J. L., Greany, K. A., Wangen, K. e., et al. 
(2004). consumption of Lactobacillus acidophilus and 
Bifidobacterium longum do not alter urinary equol excre-
tion and plasma reproductive hormones in premeno-
pausal women. European Journal of Clinical Nutrition, 58, 
1635–1642. 

9. WHO /FAO. (2002). report of a Joint FAO/WHO Working 
Group ‘Guidelines for the evaluation of Probiotics  
in Food’ London, Ont. canada. http://www.who.int/
foodsafety/fs_management/en/probiotic_guidelines.
pdf/ 

10. Ouwehand, A. c., & Salminen, S. J. (1998). The health 
effects of cultured milk products with viable and non-
viable bacteria. International Dairy Journal, 8, 749–758. 

11. champagne, c. P., & Møllgaard, H. (2008). Production 
of probiotic cultures and their addition in fermented 
foods. chapter 19. In e. r. Farnworth (ed.), Handbook 
of Fermented Functional Foods (2nd edn.) (pp. 513–532). 
Boca raton, FL: crc Press (Taylor and Francis). 

12. champagne, c. P., Gardner, n., & roy, d. (2005). 
challenges in the addition of probiotic cultures to foods. 
Critical Reviews in Food Science and Nutrition, 45, 61–84. 

13. Marr, A. G., & Ingraham, J. L. (1962). effect of tempera-
ture on the composition of fatty acids in Escherichia coli. 
Journal of Bacteriology, 84, 1260–1267. 

14. Piuri, M., Sanchez-rivas, c., & ruzal, S. M. (2005). cell 
wall modifications during osmotic stress in Lactobacillus 
casei. Journal of Applied Microbiology, 98, 84–95. 

15. castro, H. P., Teixeira, P. M., & Kirby, r. (1997). evidence 
of membrane damage in Lactobacillus bulgaricus follow-
ing freeze drying. Journal of Applied Microbiology, 82, 
87–94. 

16. Ananta, e., volkert, M., & Knorr, d. (2005). cellular 
injuries and storage stability of spray-dried Lactobacillus 
rhamnosus GG. International Dairy Journal, 15, 399–409. 

17. champagne, c. P., Piette, M., & St. Gelais, d. (1995). 
characteristics of lactococci cultures produced on com-
mercial media. Journal of Industrial Microbiology, 15, 
472–479. 

18. ross, G. d. (1980). Observations on the effect of inocu-
lum pH on the growth and acid production of lactic 
streptococci in milk. The Australian Journal of Dairy 
Technology, 147–149. 

19. Gouesbet, G., Jan, G., & Boyaval, P. (2001). Lactobacillus 
delbrueckii ssp. bulgaricus thermotolerance. Lait, 81, 
301–309. 

20. Prasad, J., McJarrow, P., & Gopal, P. (2003). Heat and 
osmotic stress response of probiotic Lactobacillus rham-
nosus Hn001 (dr20) in relation to viability after drying. 
Applied and Environmental Microbiology, 69, 917–925. 

21. Saarela, M., rantala, M., Hallamaa, K., et al. 
(2004). Stationary-phase acid and heat treatments for 
 And OvervIeW

http://www.who.int/foodsafety/fs_management/en/probiotic_guidelines.pdf
http://www.who.int/foodsafety/fs_management/en/probiotic_guidelines.pdf
http://www.who.int/foodsafety/fs_management/en/probiotic_guidelines.pdf


1�REFEREnCEs
improvement of the viability of probiotic lactobacilli 
and bifidobacteria. Journal of Applied Microbiology, 96, 
1205–1214. 

22. Wang, Y., corrieu, G., & Beal, c. (2005). Fermentation 
pH and temperature influence the cryotolerance of 
Lactobacillus acidophilus rd758. Journal of Dairy Science, 
88, 21–29. 

23. champagne, c. P., Mondou, F., raymond, Y., & roy, 
d. (1996). effect of polymers and storage temperature 
on the stability of freeze-dried lactic acid bacteria. Food 
Research International, 29, 555–562. 

24. Lin, W. H., Hwang, c. F., chen, L. W., & Tsen, H. Y. 
(2006). viable counts, characteristic evaluation for com-
mercial lactic acid bacteria products. Food Microbiology, 
23, 74–81. 

25. Ishibashi, n., Tatematsu, T., Shimamura, S., et al. (1985). 
effect of water activity on the viability of freeze-dried bifid-
obacteria and lactic acid bacteria. Fundamentals and appli-
cation of freeze drying to biological materials, dyes and 
foodstuffs. Paris: International Institute of refrigeration 
(pp. 227–232). 

26. Farnworth, e. r. (2004). The beneficial effects of fer-
mented foods—potential probiotics around the world. 
Journal of Nutraceuticals Functional and Medicinal Foods, 4, 
93–117. 

27. champagne, c. P. (2009). Some technological challenges 
in the addition of probiotic bacteria to foods (In Press). 
In d. charalampopoulos & r. rastall (eds.), Prebiotics 
and Probiotics Science and Technology. Springer. 

28. roy, d. (2005). Technological aspects related to the use 
of bifidobacteria in dairy products. Lait, 85, 39–56. 

29. Talwalkar, A., & Kailasapathy, K. (2004). A review of 
oxygen toxicity in probiotic yogurts: influence on the 
survival of probiotic bacteria and protective techniques. 
Comprehensive Reviews in Food Science and Food Safety, 3, 
117–124. 

30. champagne, c. P., raymond, Y., & Gagnon, r. (2008). 
viability of Lactobacillus rhamnosus r0011 in an apple-
based fruit juice under simulated storage condi-
tions at the consumer level. Journal of Food Science, 73, 
M221–M226. 

31. Farnworth, e. r. (2008). The evidence to support health 
claims. Journal of Nutrition, 138, 1250S–1254S. 

32. Jew, S., vanstone, c. A., Antoine, J-M., & Jones, P. J. H. 
(2008). Generic and product-specific health claim proc-
esses for functional foods across global jurisdictions. 
Journal of Nutrition, 138, 1228S–1236S. 

33. reid, G. (2008). Probiotics and prebiotics: progress and 
challenges. International Dairy Journal, 18, 969–975. 

34. Sanders, M. e., Walker, d. c., Walker, K. M., et al. (1996). 
Performance of commercial cultures in fluid milk appli-
cations. Journal of Dairy Science, 79, 943–955. 

35. nahaisi, M. H. (1986). Lactobacillus acidophilus: Thera-
peutic properties, production and enumeration. In  
A. InTrOducTIOn
r. K. robinson (ed.), Developments in Food Microbiology 
(2nd edn.) (pp. 153–178). London: elsevier Applied Sci-
ence Publishing. 

36. Saxelin, M., elo, S., Salminen, S., & vapaatalo, H. (1991). 
dose response colonisation of feces after oral adminis-
tration of Lactbacillus casei strain GG. Microbial Ecology in 
Health and Disease, 4, 209–214. 

37. Saxelin, M., Ahokas, M., & Salminen, S. (1993). dose 
response on the faecal colonisation of Lactobacillus 
strain GG administered in two different formulations. 
Microbial Ecology in Health and Disease, 6, 119–122. 

38. christensen, H. r., Larsen, c. n., Kæstel, P., et al. (2006). 
Immunomodulating potential of supplementation with 
probiotics: a dose–response study in healthy young 
adults. FEMS Immunology and Medical Microbiology, 47, 
380–390. 

39. Ishibashi, n., & Shimamura, S. (1993). Bifidobacteria: 
research and development in Japan. Food Technology,  
pp. 126, 129–130, 132–135. 

40. cOdeX (2003). cOdeX standard for fermented milks. 
STAn 243–2003.

41. Marteau, P., Pochart, P., Flourié, B., et al. (1990). effect  
of chronic ingestion of a fermented dairy product con-
taining Lactobacillus acidophilus and Bifidobacterium 
bifidum on metabolic activities of the colonic flora 
in humans. American Journal of Clinical Nutrition, 52, 
685–688. 

42. Bouhnik, Y., Pochart, P., Marteau, P., et al. (1992). Fecal 
recovery in humans of viable Bifidobacterium sp ingested 
in fermented milk. Gastroenterology, 102, 875–878. 

43. Bouhnik, Y., Flourie, B., Andrieux, c., et al. (1996). effect 
of Bifidobacterium sp fermented milk ingested with or 
without inulin on colonic bifidobacteria and enzymatic 
activities in healthy humans. European Journal of Clinical 
Nutrition, 50, 269–273. 

44. Kullen, M. J., Amann, M. M., O’Shaughnessy, W., et al. 
(1997). differentiation of ingested and endogenous bifi-
dobacteria by dnA fingerprinting demonstrates the sur-
vival of an unmodified strain in the gastrointestinal tract 
of humans. Journal of Nutrition, 127, 89–94. 

45. Farnworth, e. r. (2006). Probiotics and Prebiotics. In 
r. e. c Wildman (ed.), Handbook of Nutracteuticals and 
Functional Foods (2nd edn.) (pp. 335–352). Boca raton, 
FL: crc Press. 

46. Saxelin, M., Korpela, r., & Mayra-Makinen, A. (2003). 
Introduction: classifying functional dairy products. In T.  
Mattila-Sandholm,  & M. Saarela,  (eds.) Functional 
Dairy Products: Vol. 1  (pp. 1–15). Boca raton, FL: crc 
Press/Woodhead Publishing Ltd. 

47. corcoran, B. M., Stanton, c., Fitzgerald, G. F., & ross, 
r. P. (2005). Survival of probiotic lactobacilli in acidic 
environments is enhanced in the presence of metaboliz-
able sugars. Applied and Environmental Microbiology, 71, 
3060–3067. 
 And OvervIeW



1. PRobIoTIC CulTuREs InTo Foods1�
48. Saarela, M., virkajarvi, I., Alakomi, H. L., et al. (2006). 
Stability and functionality of freeze-dried probiotic 
Bifidobacterium cells during storage in juice and milk. 
International Dairy Journal, 16, 1477–1482. 

49. champagne, c. P., & Fustier, P. (2007). Microencapsulation 
for delivery of probiotics and other ingredients in func-
tional dairy products. chapter 23. In M. Saarela (ed.), 
Functional Dairy Products (2nd edn.) (pp. 404–426). London: 
Woodhead Publishing. 

50. champagne, c. P. (2006). Starter cultures biotechnology: 
The production of concentrated lactic cultures in alginate 
beads and their applications in the nutraceutical and food 
industries. Chemical Industry and Chemical Engineering 
Quarterly, 12, 11–17. 

51. champagne, c. P., & Kailasapathy, K. (2008). encapsulation 
of probiotics. chapter 14. In n. Garti (ed.), Controlled release 
technologies for targeted nutrition (pp. 344–369). London: 
Woodhead Publishing, crc Press. 

52. Goulet, J., & Wozniak, J. (2002). Probiotic stability: a multi-
faced reality. Innovations in Food Technology, February, 14–16. 

53. Le-Tien, c., Millette, M., Mateescu, M. A., & Lacroix, 
M. (2004). Modified alginate and chitosan for lactic 
acid bacteria immobilization. Biotechnology and Applied 
Biochemistry, 39, 347–354. 

54. Guérin, d., vuillemard, J. c., & Subirade, M. (2003). 
Protection of bifidobacteria encapsulated in polysac-
charide-protein gel beads against gastric juice and bile. 
Journal of Food Protection, 66, 2076–2084. 

55. Iyer, c., & Kailasapathy, K. (2005). effect of  
co-encapsulation of probiotics with prebiotics in increas-
ing the viability of encapsulated bacteria under in vitro 
acidic and bile salt conditions and in yogurt. Journal of 
Food Science, 70, M18–M23. 

56. chandramouli, v., Kailasapathy, K., Peiris, P., & Jones, M. 
(2004). An improved method of microencapsulation and its 
evaluation to protect Lactobacillus sp. in simulated gastric 
environments. Journal of Microbiological Methods, 56, 27–35. 

57. Mandal, S., Puniya, A. K., & Singh, K. (2006). effect of 
alginate concentration on survival of microencapsulated 
Lactobacillus casei ncdc-298. International Dairy Journal, 
16, 1190–1195. 

58. Sultana, K., Godward, G., reynolds, n., et al. (2000). 
encapsulation of probiotic bacteria with alginate-starch 
and evaluation of survival in simulated gastrointestinal 
conditions and in yoghurt. International Journal of Food 
Microbiology, 62, 47–55. 

59. Truelstrup-Hansen, L., Allan-Wojtas, P. M., Jin, Y. L., & 
Paulson, A. T. (2002). Survival of ca-alginate microen-
capsulated Bifidobacterium spp. in milk and simulated 
gastrointestinal conditions. Food Microbiology, 19, 35–45. 

60. Lee, K. Y., & Heo, T. r. (2000). Survival of Bifidobacterium 
longum immobilized in calcium alginate beads in 
simulated gastric juices and bile salt solution. Applied 
Environmental Microbiology, 66, 869–873. 
A. InTrOducTIOn
61. Prasad, J., Gill, H., Smart, J., & Gopal, P. K. (1998). 
Selection and characterisation of Lactobacillus 
and Bifidobacterium strains for use as probiotics. 
International Dairy Journal, 8, 993–1002. 

62. Olejnik, A., Lewandowska, M., Obarska, M., & Grajek, 
W. (2005). Tolerance of Lactobacillus and Bifidobacterium 
strains to low pH, bile salts and digestive enzymes [http://
www.ejpau.media.pl/volume8/issue1/art-05.html]. 
electronic Journal of Polish Agricultural universities, 8, 1–5. 

63. Liu, Z., Jiang, Z., Zhou, K., et al. (2007). Screening of 
bifidobacteria with acquired tolerance to human gas-
trointestinal tract. Anaerobe, 13, 215–219. 

64. Minekus, M., Marteau, P., Havenaar, r., & Huis in’t veld, 
J. H. J. (1995). A multicompartmental dynamic compute-
controlled model simulating the stomach and small intes-
tine. Alternatives to Laboratory Animals, 23, 197–209. 

65. Hoebler, c., Lecannu, G., Belleville, c., et al. (2002). 
development of an in vitro system simulating bucco-
gastric digestion to assess the physical and chemical 
changes in food. International Journal of Food Sciences and 
Nutrition, 53, 389–402. 

66. Mainville, I., Arcand, Y., & Farnworth, e. r. (2005). use 
of a dynamic model simulating the human upper GI 
tract for the study of probiotics. International Journal of 
Food Microbiology, 9, 287–296. 

67. reid, A. A., vuillemard, J. c., Britten, M., et al. (2005). 
Microentrapment of probiotic bacteria in a ca  -induced 
whey protein gel and effects on their viability in a dynamic 
gastrointestinal model. Journal of Microencapsulation, 22, 
603–619. 

68. Kailasapathy, K., & chin, J. (2000). Survival and thera-
peutic potential of probiotic organisms with reference 
to Lactobacillus acidophilus and Bifidobacterium spp. 
Immunology and Cell Biology, 78, 80–88. 

69. Bansal, T., & Garg, S. (2008). Probiotics: from functional 
foods to pharmaceutical products. Current Pharmaceutical 
Biotechnology, 9, 267–287. 

70. Gill, H. S. (1998). Stimulation of the immune system by 
lactic cultures. International Dairy Journal, 8, 535–544. 

71. Farnworth, e. r. (2000). designing a proper control for 
testing the efficacy of a probiotic product. Journal of 
Nutraceuticals, Functional and Medical Foods, 2, 55–63. 

72. Mitsuoka, T. (2000). Significance of dietary modulation 
of intestinal flora and intestinal environment. Bioscience 
Microflora, 19, 15–25. 

73. Farnworth, e. r. (2008). e. r. Farnworth (ed.),   
Fermented Functional Foods (2nd edn.). Boca raton, FL: 
crc Press.

74. de Moreno de LeBlanc, A., Matar, c., LeBlanc, n., &  
Perdigón, G. (2005). effects of milk fermented by 
Lactobacillus helveticus r389 on a murine breast cancer 
model. Breast Cancer Research, 7, r477–r486. 

75. vinderola, G., de Moreno de Le Blanc, A., Perdigon, G., 
& Matar, c. (2008). Biologically active peptides released 
 And OvervIeW

http://www.ejpau.media.pl/volume8/issue1/art-05.html
http://www.ejpau.media.pl/volume8/issue1/art-05.html


1�REFEREnCEs
in fermented milk. In e. r. Farnworth (ed.), Handbook 
of Fermented Functional Foods (2nd edn.) (pp. 209–241). 
Boca raton, FL: crc Press. 

76. Tanasupawat, S., & visessanguan, W. (2008). Thai fer-
mented foods. In e. r. Farnworth (ed.), Handbook of 
Fermented Functional Foods (2nd edn.) (pp. 495–511). Boca 
raton, FL: crc Press. 

77. chun, J., Kim, G. M., Lee, K. W., et al. (2007). conversion 
of isoflavone glucosides to aglycones in soymilk by 
fermentation with lactic acid bacteria. Journal of Food 
Science, 72, M39–M44. 

78. rekha, c. r., & vijayalakshmi, G. (2008). Biomolecules 
and nutritional quality of soymilk fermented with 
probiotic yeast and bacteria. Applied Biochemistry and 
Biotechnology, 151, 452–463. 

79. Woo, A. H., Kollodge, S., & Lindsay, r. c. (1984). 
Quantification of major fatty acids in several cheese 
varieties. Journal of Dairy Science, 67, 874–878. 

80. Bugaut, M. & Bentéjac, M. (1993). Biological effects 
of short-chain fatty acids in nonruminant mammals. 
Annual Review of Nutrition, 13, 217–241. 

81. de vrese, M., Stegelmann, A., richter, B., et al. (2001). 
Probiotics: compensation for lactase insufficiency. 
American Journal of Clinical Nutrition, 73(suppl), 
421S–429S. 

82. Farnworth, e. r., champagne, c. P., & van calsteren, 
M-r. (2008). exopolysaccharides from lactic acid bac-
teria: food uses, production, chemical structures, and 
health benefits. In r. e. c. Wildman (ed.), Handbook of 
Nutraceuticals and Functional Foods (2nd edn.) (pp. 353–
371). Boca raton, FL: crc Press,. 

83. Furukawa, n., Matsuoka, A., Takahashi, T., & Yamanaka, 
Y. (2000). Anti-metastatic effect of kefir grain compo-
nents on Lewis lung carcinoma and highly metastatic 
B16 melanoma in mice. Journal of the Agricultural Science 
Tokyo Nogyo Daigaku, 45, 62–70. 

84. vinderola, G., Perdigón, G., duarte, J., et al. (2006). 
effects of the oral administration of the exopolysaccha-
ride produced by Lactobacillus kefiranofaciens on the gut 
mucosal immunity. Cytokine, 36, 254–260. 

85. Sinha, r. n., Shukla, A. K., Lal, M., & ranganathan, B. 
(1982). rehydration of freeze-dried cultures of lactic 
streptococci. Journal of Food Science, 47, 668–669. 

86. de valdez, G. F., de Giori, G. S., de ruiz Holgado, A. P., 
& Oliver, G. (1985). effect of the rehydration medium on 
A. InTrOducTIOn
the recovery of freeze-dried lactic acid bacteria. Applied 
Environmental Microbiology, 50, 1339–1341. 

87. de valdez, G. F., de Giori, G. S., de ruiz Holgado, A. P., 
& Oliver, G. (1985). rehydration conditions and viabil-
ity of freeze-dried lactic acid bacteria. Cryobiology, 22, 
574–577. 

88. Mille, Y., Obert, J. P., Beney, L., & Gervais, P. (2004). new 
drying process for lactic bacteria based on their dehy-
dration behaviour in liquid medium. Biotechnology and 
Bioengineering, 88, 71–76. 

89. de valdez, G. F., de Giori, G. S., de ruiz Holgado,  
A. P., & Oliver, G. (1986). composition of the recovery 
medium and its influence on the survival of freeze-dried 
lactic acid bacteria. Milchwissenschaft, 41, 286–288. 

90. reid, A. A., champagne, c. P., Gardner, n., et al. (2007). 
Survival in food systems of Lactobacillus rhamnosus r011 
microentrapped in whey protein gel particles. Journal of 
Food Science, 72, M031–M037. 

91. vinderola, c. G., costa, G. A., regenhardt, S., & 
reinheimer, J. A. (2002). Influence of compounds asso-
ciated with fermented dairy products on the growth of 
lactic acid starter and probiotic bacteria. International 
Dairy Journal, 12, 579–589. 

92. roy, d., desjardins, M. L., & Mondou, F. (1995). Selec-
tion of bifidobacteria for use under cheese-making con-
ditions. Milchwissenschaft, 50, 139–142. 

93. charteris, W. P., Kelly, P. M., Morelli, L., & collins, J. K. 
(2002). edible table (bio)spread containing potentially 
probiotic Lactobacillus and Bifidobacterium species. 
International Journal of Dairy Technology, 55, 44–56. 

94. ding, W. K., & Shah, n. P. (2007). Acid, bile, and heat 
tolerance of free and microencapsulated probiotic bacte-
ria. Journal of Food Science, 72, M446–M450. 

95. Sheu, T. Y., & Marshall, r. T. (1993). Microentrapment 
of lactobacilli in calcium alginate gels. Journal of Food 
Science, 54, 557–561. 

96. champagne, c. P. (2009). development of yogurt and 
specialty fermented milks containing probiotics. In K. 
Aryana (ed.), Recent Advances in Probiotics and Prebiotics 
in Foods: Product Applications, and Wellbeing. Lancaster 
PA: deStech Publications (in press). 

97. champagne, c. P., & Gardner, n. J. (2008). effect of stor-
age in a fruit drink on subsequent survival of probiotic 
lactobacilli to gastro-intestinal stresses. Food Research 
International, 41, 539–543. 
 And OvervIeW



Bio
Assessment of Prebiotics and  
Probiotics: An Overview

Arturo Anadón, Maria Rosa Martínez-Larrañaga, Virginia 
Caballero, and Victor Castellano

Department of Toxicology and Pharmacology, Faculty of Veterinary Medicine, Universidad 
Complutense de Madrid, Madrid, Spain

2
C H A P T E R
1. InTroDUCTIon

There is a range of new prebiotic and probi-
otic emerging and their market in food is grow-
ing rapidly. The prebiotics and probiotics need 
to be assessed for health benefits and safety, 
before they can be introduced in food prod-
ucts. The functional foods containing prebiotic 
compounds and probiotic bacteria have great 
potential for the agro-food industry, consumers 
and public health. For this reason, the present 
review intends to express the main health ben-
efits of interest for prebiotics and probiotics as 
well as the main requirements for their studies 
and assessments.

There are certainly safety concerns for the 
consumer concerning the selection and dos-
age of non-digestive substances, mainly carbo-
hydrates, and their ability to be tolerated and 
the selection of non-pathogenic bacteria strains. 
However, there is consensus on the prebiotic met-
abolic substrates (e.g. digestibility, composition,  
19active Foods in Promoting Health: Probiotics and Prebiotics 
dosage, specificity of metabolization) and on the 
selection of bacterial strains (e.g. counts, sur-
vival of gastrointestinal passage, growth con-
ditions, non-pathogenicity, non-toxinogenicity, 
stability, identity) [1].

The current European Union legislation cov-
ers substances with a physiological effect, such 
as prebiotic compounds and probiotic bacteria. 
Any claims proposed for these substances must 
be based on, and substantiated by, the generally 
accepted scientific data. The European Union 
regulations will prohibit any claims referring 
to the prevention, treatment or cure of a human 
disease for a food in contrast to that proposed 
by other countries such as Canada and the USA 
[2]. One of the most difficult endeavors facing 
those in the prebiotic and probiotic field’s sub-
stantiation of efficacy needed to support claims 
of health benefits.

Prebiotic and probiotic foodstuffs with iden-
tifiable functions can be rightly considered as 
functional following the Consensus Document 
© 2010, Elsevier Inc. All rights reserved.
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of the Scientific Concepts of Functional Foods in 
Europe [3] where the following is stated:

A food can be regarded as ‘functional’ if 
it is satisfactorily demonstrated to affect 
beneficially one or more target functions 
in the body, beyond adequate nutritional 
effects, in a way that is relevant to either 
an improved state of health and well-
being and/or reduction of risk of disease. 
Functional foods must remain foods and 
they must demonstrate their effects in 
amounts that can normally be expected to 
be consumed in the diet; they are not pills or 
capsules, but part of a normal food pattern.

2. PrebIoTIC ConCePT

A prebiotic was defined by Gibson and 
roberfroid [4] as: ‘a non-digestive food ingredi-
ent that beneficially affects the host by selectively 
stimulating the growth and/or activity of one or 
a limited number of bacteria in the colon, and 
thus improves host health.’ These authors revised 
this concept and proposed ‘a new prebiotic defi-
nition as a selectively fermented ingredient that 
allows specific changes; both in the composition 
and/or activity in the gastrointestinal micro-
biota that confers benefits upon host well-being 
and health’ [5, 6]. The latest definition results in 
an equalization of ‘prebiotic’ and ‘bifidogenic’ 
and includes in the definition the prebiotic index 
(i.e. gives the absolute increase of the fecal bifi-
dobacteria concentration per gram of daily con-
sumed prebiotics). According to this definition, 
candidate prebiotics must fulfil the following 
criteria which are to be proven by in vitro and in 
vivo tests: 1) non-digestibility (resistance to low 
pH gastric acid, enzymatic digestion, and intes-
tinal absorption); 2) fermentation by the intesti-
nal microbiotica; and 3) selective stimulation of 
growth and activity of intestinal bacteria [7].

Also, the prebiotics have been defined as ‘a 
non-viable food component that confers a health 
A. InTrODUCTIOn
benefit on the host associated with modulation 
of the microbiota’ [8]. The definition arose from 
observations that particular dietary fibers bring 
about a specific modulation of the gut microbiota, 
particularly increased numbers of bifidobacteria 
and/or lactobacilli cell counts or a decrease in 
potential harmful bacteria is a sufficient criterion 
for health promotion. In regular terms, prebiot-
ics are food for bacterial species, which are con-
sidered beneficial for health and well-being and 
it is scientifically accepted prebiotics are valuable 
dietary additions for modulating the growth and 
activity of specific bacterial species in the colon 
that are considered health-supporting.

3. USe oF PrebIoTICS

Although prebiotics and probiotics probably 
share common mechanisms of action (especially 
modulation of the endogenous flora), they dif-
fer in their composition and metabolism. The 
fate of prebiotics in the gastrointestinal tract is 
better known than that of probiotics. Prebiotics, 
like other low digestible carbohydrates, exert an 
osmotic effect in the gastrointestinal tract as long 
as they are not fermented; when they are fer-
mented by the endogenous flora (i.e. at the place 
where they exhibit their prebiotic effect, they 
also increase intestinal gas production) [9]. The 
prebiotic or rather bifidogenic effects depend on 
the type and concentration of the prebiotic and 
on the bifidobacteria concentration in the intes-
tine of the host, no simple dose-effect relation-
ship exists. Only carbohydrates like inulin and 
oligofructose (OF), (trans-)galacto-oligosaccha-
rides (TOS or GOS) or lactulose, which are non-
digestible but can be fermented by the intestinal 
flora, fulfil the criteria [7]. Inulin-type fructans 
are the best documented oligosaccharides for 
their effect on intestinal bifidobacteria and are 
considered important prebiotic substrates.

The prebiotics usually employed and the can-
didate ones are indicated in Table 2.1.
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with the exception of inulin (a mixture of fructo-
oligo- and polysaccharides), the known prebiot- 
ics are mixtures of indigestible oligosaccharides 
(i.e. chains consisting of three to 10 carbohydrate 
monomers). Oligosaccharides are carbohydrates 
of low molecular weight with a degree of poly-
merization values (2 and 9); exhibit properties 
typical of dietary fibers and are found in several 
vegetables as fructans (i.e. asparagus, onions, garlic, 
and leeks), as stachyose in soybean, as well as in 
human breast milk and cows’ milk as oligosaccha-
rides. Oligosaccharides are readily water-soluble  
and exhibit some sweetness, which decreases with 
increasing chain length. water-binding and gelling 
properties, and so the putative use as a fat sub-
stitute, increases with the number of hexose mol-
ecules and reticulation [10].

The glycosidic bonds of oligosaccharides are 
resistant to hydrolysis by intestinal digestive 
enzymes and hence are poorly degraded in the 
upper regions of the gastrointestinal tract, thus 
reaching the colon intact where oligosaccharides 
serve as a fermentable substrate. The colonic 
microbes ferment the non-digestible oligosaccha-
rides to produce short-chain fatty acids (i.e. acetic, 
propionic, butyric acid), lactic acid, and gases (i.e. 
carbon dioxide, methane, hydrogen). Finally, it is 
known that the ingestion of prebiotics can elevate  

Table 2.1 Common and emergent prebiotics 
functional food

Type of oligosaccharides

Recognized prebiotics
l  Fructo-oligosaccharides (FOS), galacto-

oligosaccharides (GOS), galacto-oligosaccharides 
(GOS)/transgalactosylated-oligosaccharides (GOS/
TOS) inulin, isomalto-oligosaccharides, lactulose, 
pyrodextrins, soy-oligosaccharides (SOS).

Emergent prebiotics
l  Genti-oligosaccharides, Gluco-oligosaccharides, 

isomalto-oligosaccharides (IMO), lactosucrose, levans, 
pectic-oligosaccharides, resistant starch, sugar alcohols, 
xylo-oligosaccharides (XOS).
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indigenous bifidobacterium and lactobacillus lev-
els in the colon. Because of fermentation in the 
large intestine, the ingestion of higher quantities 
of prebiotics may lead to flatulence, abdominal 
disorders, and diarrhea. High levels of oligosac-
charides (i.e. 10 g/day), may produce intestinal 
disconform and flatulence.

Oligosaccharides have been recognized as 
components of dietary fiber because of their 
interesting physiological effects, which are simi-
lar to those of well-known ‘soluble’ fibers [11]. 
The prebiotic carbohydrates are not digested by 
human enzymes but fermented by the flora of 
the large intestine. Thus, they increase biomass, 
feces weights, and feces frequency, have a posi-
tive effect on constipation and on the health of 
the mucosa of the large intestine [12, 13].

As a consequence, fermentation of oligosac-
charides in the caecum-colon could contribute to 
the protection against colon cancer [7, 10]; a sum-
mary of mechanisms are expressed in Table 2.2.

Table 2.2 mechanisms of prebiotics

l Increase in the expression or change in the composition 
of short-chain fatty acids to colonocytes during 
fermentation of prebiotics carbohydrates.

l Increased fecal weight and a mild reduction in luminal 
colon pH.

l A more acidic pH and modulation of the intestinal 
flora, especially growth stimulation of carbohydrate-
fermenting bacteria.

l Decreased concentration of putrefactive, toxic, 
mutagenic, or genotoxic substances and bacterial 
metabolites, as well as of secondary bile acids and 
cancer-promoting enzymes.

l The bifidobacteria and lactobacilli (increased by 
oligosaccharides) exhibit low -glucuronidase and 
nitroreductase activity.

l Decreased nitrogenous end-products and reductive 
enzymes.

l Production of butyric acid reinforces the regeneration of 
the intestinal epithelium (i.e. through its pro-apoptotic 
potency).

l Increased expression of the binding proteins or active 
carriers associated with mineral absorption.

l Enhanced immunity and modulation of mucin production.
 AnD OvErvIEw



2. AssEssmEnT Of PREbiOTiCs And PRObiOTiCs: An OvERviEw22
A number of oligosaccharides have been 
assessed for their prebiotic potential. The dose 
and duration for nutrition purposes are as fol-
lows: inulin (8–40 g/day, 15–64 days), fructo- 
oligosaccharides (FOS) (4–12.5 g/day, 8–12 days), 
galacto-oligosaccharides 7.5–15 g/day, 7–21 days), 
soy-oligosaccharides (10 g/day, 21 days), and lac-
tulose (3–20 g/day, 14–28 days) [14]. Overall, the 
dosage levels for most health benefits will range 
from 3 g/day for short-chain fructo-oligosaccha-
rides to 8 g/day for mixed short- and long-chain 
inulin, although more may be safely consumed 
according to individual tolerance [15, 16]. rao 
[17] reviewed the dose in relation to the extent 
of the elevation of bifidobacteria and indicated 
than even when the dose of saccharide ranged 
from 8 to 40 g/day, there was no correlation with 
the resultant elevation of bifidobacteria. In gen-
eral, 10–20 g oligofructose or inulin, regardless of 
whether ingested in a liquid or solid meal, is con-
sidered to be without side effects. In a trial with 
80 health probands the ingested quantity, after 
which at least one of the tested symptoms (head-
ache, belching, flatulence, bowel contractions, or 
liquid stools) had been observed, was between 
31 and 41 g oligofructose, corresponding to 0.04–
0.06 g/kg bodyweight [7]. The consumption of 
80 g/day of oligofructose in one study gave four 
of 12 test subjects’ diarrhea [18].

Prebiotics can also be used as a supplement and 
special food. Supplements may provide an easy 
way to boost prebiotic fiber consumption giving 
consumers a clear, convenient, and foolproof way 
to obtain a particular type of prebiotic and dose 
level. Probiotic supplements can be found clearly 
labeled, and can be sprinkled directly onto food; 
stirred into beverages, or taken as capsules, tab-
lets, or chewables. Because the most commonly 
available prebiotics are water soluble and com-
pletely clear in water, they are easily incorporated 
into most foods and are undetectable. Special 
foods such as sports drinks, weight-loss pow-
ders, ready-to-drink protein meal replacers, and 
nutrition bars provide a popular way for people 
to obtain prebiotic fiber. These food items often  
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contain fructo-oligosaccharides, some form of inu-
lin, or resistant starch for their fiber content and 
prebiotic advantages, although there may be no 
prebiotic-associated label claims [16].

new prebiotic compounds are emerging 
because of interesting physiological effects (e.g. 
low energy value, low carcinogenicity, prebiotic 
effect, improvement of mineral absorption); and 
support the addition of some oligosaccharides 
to foodstuffs that normally contain low or neg-
ligible amounts. The oligosaccharides induce 
an increase of bifidobacteria, especially in feces, 
after its consumption.

3.1. Use of Prebiotic as a Medical 
Purpose

Prebiotics have been used for medical purposes. 
Frequently, they are found in enteral nutrition  
products. There are used in adult and pediatric 
patients presenting with a wide range of medi-
cal conditions, including diabetes, cancer, renal 
failure, pressure ulcers, metabolic stress, trauma 
and immunosuppression [19]. Prebiotic enrich-
ment of these liquid products is used as a means 
to provide short-chain fatty acids to colonocytes 
via fermentation, normalize and maintain bowel 
function, colon integrity, and build colonization 
resistance in a hospital setting. These characteris-
tics make prebiotics appropriate for use in patients 
with antibiotic-associated diarrhea, various irri-
table bowel conditions, including colitis, and 
for general bowel maintenance while receiving 
a formulated diet for medical nutrition therapy 
[20]. when used in appropriate amounts, the 
effect of prebiotic fiber may also lead to an alter-
ation in nitrogen excretion that is advantageous 
to renal patients [21, 22]. Table 2.3 expressed the 
use indications of prebiotics.

wolf et al. [31] provide an information over-
view of the medical uses of fructo-oligosaccharides 
at the levels found in enteral products. The use 
of these products to provide total nutrition will 
deliver efficacious amounts of prebiotic fiber to 
hospitalized patients, generally in the range of 
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Table 2.3 Use indications for prebiotics

Prebiotics to be used Possible mechanism Ref.

Alleviation of 
constipation

Lactulose,  
fructo-oligosaccharides,  
galacto-oligosaccharides

Osmotic effect and modulation of 
indigenous microflora.

[5]

Treatment of hepatic 
encephalopathy

Lactulose, Lactilol Bacterial incorporation of nitrogen and 
acidification of the colonic environment 
which in turn reduces the breakdown of 
nitrogen-containing compounds to ammonia 
and other potential cerebral toxins.

[10, 23]

Inflammatory bowel 
diseases (IBD)

Inuline, fructo-oligosaccharides, 
galacto-oligosaccharides

regulating immune responses to 
commensal and pathogenic bacteria.

[24–27]

Prevention 
of cholesterol 
gallstones

Oligosaccharides  
(fructo-oligosaccharides, 
isomalto-oligosaccharides, 
galacto-oligosaccharides, 
palatinose condensate, raffinose 
and soybean oligosaccharides)

Stimulating the growth of bifidobacteria in 
vitro and in vivo.

[28, 29]

Prevention of 
infections of 
intestinal origin

Oligosaccharides Contributing to a greater resistance to 
infection. Most of Bifidobacterium species 
have scavenging function.

[29]
10 to 15 g/day. For patients not receiving for-
mulated diets, simply start with 1 g/day for the 
first week, increasing by 1 g/week until a 3 g 
level is attained. The maximum dose that is gen-
erally recognized as safe for all persons older 
than age 1 year is 20 g, although much higher 
doses have also been suggested as safe [16].

3.2. Prebiotic Sources

a) Fructans

Fructans are a group of naturally occurring oli-
gosaccharides and fructo-oligosaccharides found 
in milligram quantities in onions, bananas, wheat, 
artichokes, garlic, and other whole foods [32]. 
They are also extracted from chicory or manu-
factured from sucrose for use in the food indus-
try. Despite their similarities, the fructans remain 
distinct from each other in origin, structure, and 
fermentation characteristics [16]. In vitro testing is 
not sufficient for prebiotic qualification or claims 
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of efficacy because this method cannot approach 
the dynamic nature of colonic metabolism. There 
are also method limitations that involve the 
metabolism of the resident microflora as well as 
that of the host. These factors contribute to wide 
variations in measurable colony-forming unit 
counts, short-chain fatty acid and enzyme levels, 
and other measurements of outcome [33]. Many 
factors can confound results, including the chemi-
cal composition of the proposed prebiotic, its 
fermentation profile, the study design, baseline 
distribution of a subject’s colonic microbiotica, 
the methodologies used in observing an effect in 
a particular subject group, and the statistical con-
structs used to interpret the data [34].

b) Resistant starch

non-fructan prebiotics are also under investi-
gation for their fermentation characteristics, prebi-
otic effect, and health benefits. resistant starch 
has been the subject of numerous studies that  
 AnD OvErvIEw



2. AssEssmEnT Of PREbiOTiCs And PRObiOTiCs: An OvERviEw24
document a prebiotic effect, both as a single 
ingredient and in combination with fructo- 
oligosaccharides. resistant starch is found in raw 
potatoes, cooked and cooled starchy products 
(retrograde starch), and in unripe fruits like 
bananas. Appreciable amounts of resistant starch 
exist in many commercial food products due to 
the processing effects upon starch [16]. resistant 
starch is also manufactured specifically for use in 
the food industry. The ideal dose of resistant starch 
is about 20 g/day but low doses in the range of 2.5 
to 5 g/day have demonstrated a prebiotic effect; 
the difference in dosing is due to the varying fer-
mentation profiles of prebiotic ingredients.

The bread and cereal categories are filled with 
products that include meaningful amounts of 
resistant starch or inulin for fiber content and 
sometimes energy reduction. It is reported that 
20 g/day of resistant starch is a minimum healthy 
dose [35]. Bouhnik et al. [36] found that short-
chain fructo-oligosaccharides, soybean oligosac-
charides, galacto-oligosaccharides, and type III 
resistant starch measurably raised fecal counts of 
Bifidobacterium species at reasonable dose ranges 
of 2.5 to 5 g/day within 7 days of administration.

It is also important to validate markers that 
provide predictors for efficacy on human health. 
This is a difficult process requiring mechanistic 
and epidemiological studies for validation. One 
large barrier to the development of biomarkers 
relevant to the study of probiotics and prebi-
otics is that the composition of the human gut 
flora is not fully characterized and the signifi-
cance of the presence, absence or certain levels 
of different genera, species or strains of bacteria, 
is not understood.

3.3. Prebiotics and resistance to 
Gastrointestinal Infections

The gut microflora and the mucosa them-
selves may act as barriers against invasion by 
potential pathogens. Bifidobacteria and lacto-
bacilli can inhibit pathogens like Escherichia coli, 
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Campylobacter and Salmonella spp. The lactic 
microflora of the human gastrointestinal tract is 
through to play a significant role in the improved 
colonization resistance [37]. These authors stated 
different mechanisms that can operate:

1. metabolic end-products, such as acids, 
excreted by these microorganisms may 
lower the gut pH, in a microniche, to levels 
below those at which pathogens are able to 
effectively compete;

2. competitive effects from occupation of 
normal colonization sites;

3. direct antagonism through natural 
antimicrobial excretion (lactic acid bacteria 
produce inhibitory peptides);

4. competition for nutrients and blocking of 
pathogen adhesion sites in the gut; and

5. enhancement of the immune system.

Moreover, many lactobacilli and bifidobacte-
ria species are able to excrete natural antibiotics, 
which can have a broad spectrum of activity [38].

A potential correlation exists with reduced 
pathogen resistance, decreased numbers of bifi-
dobacteria in the elderly, and the production of 
natural resistance factors. In essence, the natural 
gut flora may have been compromised through 
reduced bifidobacteria numbers and may have 
a diminished ability to deal with pathogens. If 
prebiotics are used to increase bifidobacteria or 
lactobacilli towards being the numerically pre-
dominant genus in the colon then an improved 
colonization resistance will result.

Several studies have been conducted using 
human subjects, although the dose, substrate, 
duration and volunteers varied. A general obser-
vation was the greater bifidogenic effect of sub-
strates in subjects with a low initial bifidobacteria 
count (107/g feces) than in those with a high 
initial number (109.5/g feces) [39]. Also, a nega-
tive correlation between bifidobacteria and 
Clostridium perfringens was observed, suggesting 
that the former may inhibit growth of the latter in 
the intestine, supporting earlier studies [40, 41].
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4. EvAlUATiOn Of PREbiOTiC
4. eValUaTIon oF PrebIoTIC

According to the FAO Technical Meeting in 
007 on prebiotics [42] the way to evaluate and 
ubstantiate a product as a prebiotic is indicated 
n Figure 2.1.

Taking into account the flow-chart in Figure 
.1, the steps to be followed are:

.1. Product Specification/Characteristics 
f the Prebiotic

The component, to which the claim of being 
rebiotic is attributed, must be characterized for 
A. InTrODUCTIOn
any given product. This includes the source and 
origin, purity, chemical composition and struc-
ture, vehicle, concentration, and the amount in 
which it is to be delivered to the host.

4.2. Functionality

At a minimum, there needs to be evidence of 
a correlation between the measurable physiolog-
ical outcomes and modulation of the microbiota 
at a specific site (primarily the gastrointestinal 
tract, but potentially also other sites such as 
vagina and skin). Also needs to correlate a spe-
cific function at a specific site with the physio-
logical effect and its associated timeframe.
Component characterization—source,
origin, purity, chemical composition,

structure

Functional characterization
in vitro/animal testing

Product formulation,
vehicle, concentration and

amount

Safety assessment
in vitro and/or animal, and/or Phase 1

human study if not GRAS or equivalent

Double blind, randomized, controlled human trial (RCT) with simple size
and primary outcome appropriate to determine if product is efficacious.
Minimum proof of a correlation between the measurable physiological

outcomes and modulation of the microbiota at specific site

Preferably second independent
RCT study to confirm results

Prebiotic

FIGUre 2.1 Guidelines for the evaluation and substantiation of prebiotics.
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within a study, the target variable should 
change in a statistically significant way and the 
change should be biologically meaningful for the 
target group consistent with the claim to be sup-
ported. Substantiation of a claim should be based 
on studies with the final product type, tested in 
the target host. A suitably sized randomized con-
trol trial (compared to a placebo or a standard 
control substance) is required, preferably with a 
second independent study.

Examples of physiological outcomes due to 
the administration of prebiotics could be:

l satiety (measured towards carbohydrates, 
fats, total energy intake);

l endocrine mechanisms regulating food 
intake and energy usage in the body;

l effects on absorption of nutrients (e.g. 
calcium, magnesium, trace elements,  
protein);

l reduced incidence or duration of infection;
l blood lipid and classic endocrine parameters;
l bowel movement and regularity;
l markers for cancer risk;
l changes in innate and acquired immunity 

that are evidence of a health benefit.

4.3. Qualifications

The qualifications for a prebiotic can be: com
ponent (chemical substance or a food grade com-
ponent), health benefit (measurable and not due 
to the absorption of the component or due to 
the component acting alone, and over-riding 
any adverse effects) or modulation (changes in 
the composition or activities of the microbiota 
in the target host). A prebiotic can be a fiber but 
a fiber need not be a prebiotic.

It was stated that bifidogenic effects are not suf-
ficient without demonstrated physiological health 
benefits. It is also recognized that the determining 
events that take place within compartments of the 
intestine are often difficult; specific site sampling 
or more sophisticated methods can reliably link 
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microbiota modulation with health benefits, fecal 
analysis will be suitable.

4.4. Safety

It is recommended that the following issues 
are covered in any safety assessment of a prebi-
otic final product formulation.

l when the product has a history of safe use in 
the target host, such as Generally recognized 
As Safe (GrAS) or its equivalents (i.e. the 
Qualified Perception of Safety (QPS) in the 
EU, also discussed in this revision), then it 
is suggested that further animal and human 
toxicological studies may not be necessary.

l Safe consumption levels with minimal 
symptoms and side effects should be 
established.

l The product must not contain contaminants 
and impurities. The contaminants should be 
identified and measured, and the impurities 
should be well characterized and submitted 
to toxicity evaluation if needed.

l Based upon current knowledge, the prebiotic 
should not alter the microbiota in such a way 
as to have long-term detrimental effects on 
the host.

For functional ingredients, animal models can 
be used to ascertain the target organs and effects 
that are produced as a result of toxicity. The extent 
of testing necessary for a functional ingredient is 
increased in response to the lack of understanding 
of potential for toxicity because of inadequately 
characterized products. The following criteria 
must be met to derive a safe level of exposure 
without additional toxicology testing [43]:

1. active component(s) and related substances 
are well-characterized and there is adequate 
understanding of the lack of potential 
for toxicity at the human dose levels 
recommended based upon existing data 
from the literature;
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2. impurities are well-characterized and there 
is an adequate understanding of the lack of 
potential for toxicity based upon existing 
data from the literature; and

3. the manufacturing process is standardized 
and reproductive.

when the active component(s) or impurities 
are either not fully characterized, or there is not 
enough data available to evaluate the potential 
for toxicity, the following preclinical toxicologi-
cal information is needed to assess the functional 
ingredient: toxicity studies in vitro and in vivo, 
including mutagenicity studies, reproduction 
and teratogenicity studies, pharmacokinetics 
and special pharmacology studies and long-term 
feeding studies, following a tiered approach on 
a case-by-case basis. One element that must be 
considered in the design of animal studies for 
functional ingredients is the margin of safety 
between the no-observed-adverse-effect level 
(nOAEL) determined in the animal studies and 
the anticipated human level of intake.

5. ProbIoTICS USeD In FooD

Probiotics are commonly defined as viable 
microorganisms (yeast and bacteria) that exhibit 
a beneficial effect on the health of the host when 
they are ingested. Most probiotics are marketed 
as foodstuffs or drugs. Lactobacillus, Leuconostoc, 
and Pediococcus species have been used exten-
sively in food processing throughout human his-
tory, and the ingestion of foods containing live 
bacteria, dead bacteria, and metabolites of these 
microorganisms has always been around [44].

Most probiotic foods contain lactobacilli and/
or bifidobacteria. Enterococci are infrequently 
used. Microorganisms used as probiotics are 
mainly bacterial strains of members of the het-
erogeneous group of lactic acid bacteria; lactoba-
cilli (L. acidophilus, L. casei, L. plantarum, L. reuteri, 
L. rhamnosus, L. salivarus), bifidobacteria (B. breve, 
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B. longum, B. lactis), Bacillus (B. subtilis, B. cereus 
var. toyoi), Enterococcus (E. faecium) among oth-
ers. The yeast Saccharomyces boulardi is also used 
as a human probiotic, although as deliverers in 
capsules or powders rather than in food form.  
It is noticed that Bacillus and Lactobacillus differ  
in many characteristics and that the Bacillus and 
the yeasts are not usual components of the gut 
microflora. while most of the species and gen-
era are apparently safe, certain microorganisms  
may be problematic, particularly the enterococci 
(E. faecium and E. faecalis). These have emerged 
as opportunistic pathogens in hospital environ-
ments causing nosocomial infections such as 
endocarditis, bacteraemia, and intra-abdominal,  
urinary tract and central nervous system infec-
tions, and may also harbor transmissible anti-
biotic resistance determinants (i.e. vancomycin 
resistant Enterococcus strains) and bacilli, espe-
cially those belonging to the B. cereus group 
that are known to produce enterotoxins and an 
emetic toxin [45].

The selection criteria of new probiotic strains 
is determined by many factors such as resist-
ance to pancreatic enzymes, acid and bile, pref-
erably human origin (although the S. boulardi is 
not of human origin), documented health effects, 
known safety, and good technological properties, 
especially the potential probiotics [46]. It is gener-
ally assumed that probiotics are live microorgan-
isms, generally bacteria but also yeasts which, 
when ingested in sufficient numbers, interact 
with the gut microflora and host, having a posi-
tive effect on the health of an individual.

In most cases, the safety of novel strains has 
been deduced mainly from the common occur-
rence of the species either in foods or as normal 
commensals in the human gut.

At present, probiotic foods are not governed 
under specific EU regulatory frameworks; 
although the regulation (EC) no. 258/97 of the 
European Parliament and of the Council of 27 
January 1997 concerning novel foods and novel 
food ingredients (OJ no. L 043, 14.02.1997, p. 1) 
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may cover other more novel types of probiotic 
species that need to be discussed and assessed 
in the light of the novel Food Guidelines [47]. 
According to this regulation 258/97, novel foods 
and food ingredients are those that have not hith-
erto been used for human consumption to a signif-
icant degree within the Community. Specifically, 
foods and food ingredients containing or consist-
ing of, or produced from, genetically modified 
organisms and foods consisting of, or isolated 
from, microorganisms, fungi or algae belong to 
the category of novel foods. For GM food and 
feed a comprehensive, specific regulation is in 
force in EU [regulation (EC) no. 1829/2003 (OJ 
no. L 368, 18.10.2003) and regulation (EC) no. 
1830/2003 (OJ no. L 265, 18.10.2003)]. However, 
it should be stated that additives and processing 
aids fall outside the scope of the regulation. The 
case of a processing aid or additive consisting of 
live microorganisms thus remains ambiguous. 
Microbial feed additives, however, are covered by 
regulation (EC) no. 1831/2003 of the European 
Parliament and of the Council of 22 September 
2003 on additives for use in animal nutrition (OJ 
no. L 268, 18.10.2003). And, in accordance with 
the guidelines of the FEEDAP Panel of EFSA, they 
are subjected to the detailed efficacy and safety 
assessment, the latter with the intention of ensur-
ing that they are innocuous to target animals, 
users and consumers [45].

In the regulation 258/97, the nutritional infor
mation states that nutritional consequences 
should be assessed at normal and maximum 
levels of consumption, and that the effect of 
anti-nutritional factors (e.g. inhibiting mineral 
absorption or bioavailability) on the nutritional 
value of the whole diet should also be assessed. 
The numbers involved in study groups should 
ensure that the study has adequate statistical 
power, and that all studies should comply with 
relevant elements and ethical principles of guide-
lines on good clinical practice and good laboratory 
practice. with respect to the implications of Novel 
Food to human nutrition, overall assessment must 
consider nutritional implications (expected normal 
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intakes and at maximum levels of consumption). 
referring to the nutritional considerations affecting 
toxicological testing in animals, it is of crucial impor-
tance to carefully interpret any adverse effects 
seen in animal studies. It is also important to dis-
tinguish any toxic effects due to nutrition imbal-
ance in the experimental diet and in the design 
animal feeding studies. The maximum level of 
dietary incorporation achievable without caus-
ing nutritional imbalance should be the highest 
dose level, while the lowest dose level should be 
comparable to its anticipated role in human diet. 
Finally, the toxicological requirements for Novel Food 
needs to be considered on a case-by-case basis. In 
the worst case scenario, the following elements 
are needed: consideration of the possible toxicity 
of the analytically identified individual chemical 
components, toxicity studies in vitro and in vivo 
including mutagenicity studies, reproduction and 
teratogenicity studies as well as long-term feeding 
studies and studies on potential allergenicity.

The novel Food regulation defines novel 
foods as foods and food ingredients that were 
not used for human consumption to a signifi-
cant degree within the Community before 15 
May 1997. ‘Human consumption to a significant 
degree within the Community,’ in this context, 
has been interpreted as being demonstrated by 
a food having been generally available within 
the Community. For example, if a food was only 
available in pharmacies within the Community, 
this would not constitute evidence of use of 
human consumption to a significant degree. In 
contrast, if a food was available in general food 
stores, this would constitute evidence of use for 
human consumption to a significant degree [48].

6. SaFeTy aSPeCT oF ProbIoTICS

Assessment of the safety of probiotics is not 
an easy task. The selection of new probiotic 
organisms targets new strains and even genera 
that are more beneficial or specific. when novel 
microbes and GMO are introduced, their safety 
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and the risk-to-benefit ratio have to be care-
fully studied and assessed. Also, new probiotics 
should be of genera and strains commonly found  
in the healthy human intestinal microflora. The 
microbes could be classified as non-pathogenic  
(Lactobacillus, Lactococcus, Bifidobacterium, Saccha
romyces), pathogens (B. cereus) and opportun-
istic pathogens (Enterococcus and other general 
lactic acid bacteria). Lactic acid bacteria and  
bifidobacteria are the most common bacterias 
that attach to the human intestinal mucosa and 
are commonly regarded as having the GrAS sta-
tus. Every viable microbe able to grow under the 
conditions encountered in a host can cause an 
infection under certain circumstances, especially 
in immunocompromised human beings. The 
factors that must be addressed in the evalua-
tion of safety of probiotics include the following: 
pathogenicity, infectivity, and virulence factors 
comprising toxicity, metabolic activity, and the 
intrinsic properties of the microbes. The absence 
of pathogenicity and infectivity is a requisite of 
probiotic safety. Another requisite of probiot-
ics is that the probiotic bacteria should not pro-
duce harmful substances by metabolic activity. 
Platelet-aggregating activity, mucus degradation 
activity and antibiotic resistance should also be 
tested [49]. At present, it remains unknown as to 
whether strains with platelet aggregation prop-
erties enhance the infectious risk to a relevant 
extent, and whether they should be considered 
undesirable as probiotics.

Members of the genera Lactococcus and 
Lactobacillus are most commonly given GrAS 
status whilst members of the genera Streptococcus 
and Enterococcus and some other genera of lac-
tic acid bacteria contain some opportunistic 
pathogens.

In terms of efficacy and adverse effects, sur-
vival of the probiotics in the gastrointestinal 
tract, their translocation and colonization proper-
ties, and the fate of their active components need 
to be recognized [50]. In the context of potential 
adverse effects of probiotics, four types of side 
effects or adverse reactions such as systemic 
A. InTrODUCTIOn
infections, risk of deleterious metabolic activi-
ties, risk of adjuvant side effects and of immu-
nomodulation, and risk of gene transfer have 
been described [51].

According to Salminen et al. [52], three 
approaches can be used to assess the safety of a 
probiotic strain: 1) studies on the intrinsic proper-
ties of the strain; 2) studies on the pharmacokinet-
ics of the strain (survival, activity in the intestine, 
dose-response relationship, fecal and mucosal 
recovery); and 3) studies searching for interac-
tions between the strain and the host. It is very 
important to identify the survival of the probiot-
ics within the gastrointestinal tract, their translo-
cation and colonization properties, and the fate 
of their active components to predict the posi-
tive effects and/or the side effects. The survival 
of ingested probiotics at different levels of the 
gastrointestinal tract differs between strains [50]. 
Some strains are killed in the stomach while oth-
ers (e.g. bifidobacteria or L. acidophilus) can pass 
through the entire gut at very high concentrations 
[50]. In conclusion, the safety and stability would 
be an important criteria for probiotic selection.

6.1. In Vitro Studies

Estimation of the in vitro infective proper-
ties of the probiotic microorganisms using cell 
lines and human intestinal mucus degradation. 
In addition, the assessment of infectivity can be 
done in animal models (e.g. immunocompro-
mised animals or lethally irradiated animals).

6.2. animal Studies

Animal models are generally of limited value 
in microbiological risk assessment concerning 
probiotic bacteria [53]. There is a high variability 
in responses between animal species that makes 
extrapolation of results to humans hazardous. 
However, the maximum dose levels (tolerance 
study) in feed given to different animal species 
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that have not caused any site or adverse affects 
are of interest. The assessment of the acute and 
sub-acute effects of ingestion of large amounts 
of the probiotic microorganisms, carried out by 
using an acute oral and a 90-day rodent feeding 
toxicity study as performed under EU or OCDE 
guidelines, is required especially for the new 
probiotics. The optimal mode of administration 
is by incorporation into the feed, but if this is 
impractical, administration in drinking water or 
by oral gavage may be used [45].

6.3. non-invasive Tests in animal 
Models and Humans

Probiotics and prebiotics can have multiple 
effects on a host (e.g. either directly or indirectly 
on the pathogenesis and progress of disease) 
and they require better ways to determine both 
their safety and toxicity. The non-invasive con-
stitute ways to apply dynamic function testing 
in animal models and humans to provide refer-
ence points to which other measurements can be 
related (e.g. altered circulating cytokines, altered 
gene expression). As such, this phenotypic scaf-
fold, alone and combined with newer molecular 
parameters, will improve our understanding 
of the interaction of luminal factors within the 
alimentary tract and the impact that these have 
on physiologically challenged mucosa and in 
disease both at the gastrointestinal level and in 
remote organs [54].

6.4. Studies in Humans

A number of short-term clinical trials on 
healthy volunteers attested to the safety of cur-
rent probiotics. In most studies, it is only men-
tioned that the probiotic did not induce more 
adverse effects than the placebo or that its 
tolerance was excellent. In some studies, the 
presence (or absence) of gastrointestinal disor-
ders has been especially studied, which seems 
A. InTrODUCTIOn
rational since the first and probably only contact 
between bio-products and the host occurs in the 
gastrointestinal tract [51].

6.5. epidemiological and  
Post-marketing Surveillance

The long history of the use of probiotic micro-
organisms has proven their safety. As the risk, 
then, is very low, the best approach to assess it 
is probably to analyze it retrospectively in epi-
demiology studies and prospectively using the 
post-marketing pharmaco-toxicovigilance sys-
tems in populations ingesting large amounts 
of newly introduced probiotic microorganisms 
for infections in comparison to the use of tradi-
tional strains [51]. Undoubtedly, safety assess-
ment for probiotics should always be associated 
with those mentioned studies.

The value of such studies depends of course 
on their statistical power, i.e. on the number 
of cases studied and the attitude of the health 
care system to comply with the reported tasks 
[55–57].

For some new probiotics additional studies 
could be required especially in the following:

Genotoxicity studies including  
mutagenicity

At least two different genotoxicity tests, a 
bacterial reverse mutation assay and an in vivo 
assay for clastogenicity in mammalian cells (e.g. 
a metaphase cytogenetic assay) should be per-
formed. If these initial tests give an indication 
of mutagenicity, two additional in vivo studies 
should be carried out using two somatic tissue 
sites to demonstrate that in vitro mutagenicity is 
not expressed in vivo [45].

Toxin production and virulence factors

Under certain specific conditions, some Bacillus 
species have shown to be able to produce toxins. 
Knowledge of the genetic and biochemical basis 
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for toxin production and methods for the detec-
tion of Bacillus toxins are reviewed and recom-
mendations made for how best to ensure the
absence of toxins (or a capacity for toxin produc-
tion). The use of strains from B. cereus taxonomic
group is strongly discouraged. The required
studies start with taxonomy of the strain. In
the case of organisms belonging to the B. cereus
group, commercial test kits, laboratory bioassays
and PCr-based methods are required to identify
toxins and virulence factors. These latter tests are
also required for bacilli [45].

Antibiotic resistance profile and 
transferability of resistances

Bacteria may bear transferable resistances.
Lactic acid bacteria are intrinsically resistant to
many antibiotics and it has been shown by anti-
biotic resistance screening that the spontane-
ous mutation rate to antibiotic resistance among
lactobacilli can be quite high [58, 45] as men-
tioned above. Antibiotic resistance plasmids are
of special interest from the safety concern aspect,
because they may be conjugatively transferred to
other strains, species, and even genera, including
potential human and animal pathogens. Several
antibiotic resistance plasmids from the lactoba-
cilli haven were detected [59], indicated by curing
experiments on the plasmid-linkage of tetracy-
cline and erythromycin resistances in Lactobacillus
fermentum isolated from human feces. Also, some
enterococcal strains have shown a resistance to
vancomycin and were able to transfer this kind
of resistance to other species.

7. PrebIoTIC anD ProbIoTIC 
eFFICaCy eVIDenCe

These compounds have been studied to vary-
ing degrees in vitro, in animal feeding studies,
but less in human feeding studies. Available
data indicate that no harmful effects have been
A. InTrODUCTIO
observed in controlled clinical studies with 
lactobacilli and bifidobacteria. Degradation of 
intestinal mucus was used as the first marker 
of toxicity and in one study, specific commer-
cial probiotic strains were shown to be inactive 
in mucosal degradation [60]. novel compounds 
to be used to the human diet fall under the 
European Union regulatory category of ‘novel 
foods’ and will require legislated levels of safety 
and toxicological assessment before they can be 
introduced in food products. However, little 
legislation exists governing the use of the word 
‘prebiotic’ itself on functional food products and 
there is a growing collection of commercially 
available products which bears the prebiotic 
label, but for which supportive scientific litera-
ture is sparse or lacking altogether.

7.1. In Vitro evidence

It was generally agreed that in vitro approaches 
are usually too simplistic and fail to successfully 
mimic the conditions in the human organism, 
limiting their usefulness in predicting efficacy 
or safety in humans. Although there are limita-
tions, many in vitro evaluations are quite useful 
and necessary as precursors to in vivo studies or 
in their own right by providing important strain 
characterization data. In vitro tests can be used 
as the first step of screening for probiotic safety 
and efficacy. valuable in vitro efforts include 
genomic analysis, DnA-based and phenotypic 
strain identification and measurement of viabil-
ity. These approaches are useful for the following 
purposes:

l quantifying the bacteria in the 
sample/product;

l identifying and characterizing the strain(s) 
being studied;

l recognizing the characterization of strain- or 
species-specific differences among a range of 
probiotic bacteria;

l insuring product quality and consistency;
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l screening for survivability in the upper 
gastrointestinal tract;

l conducting mechanistic studies with cellular 
models; and

l identifying the potential safety risks [2].

7.2. animal Models

Several animal model systems have been 
developed for the study of physiological effects 
of a number of bioactive components and diets. 
However, there are several important differences 
such as the anatomy, metabolism, and physiology 
between animal species and humans; therefore, 
the outcomes obtained from animal experiments 
cannot be used as proof of efficacy but only as 
indications, especially when doses used in ani-
mal studies are not reflective of realistic doses to 
be used in humans [2].

Preliminary substantiation of safety, efficacy 
and a plausible hypothesis of effect in animal 
models is important in gaining approval for 
human studies by institutional review boards, 
as only a limited range of tests can be performed 
in humans due to ethical issues. Furthermore, 
animal models allow the acquisition of tissue 
from a living animal host that would not be 
accessible from a human. These tissue samples 
can be of great value to advancing the under-
standing of the impact of probiotics and prebi-
otics on animal physiology [2].

7.3. Human Case Studies

Observations from a single case study are at 
best only suggestive of a more general effect. 
Most often, they only reflect peculiar effects in 
a specific condition and are not representative 
of the general population. Single case successes 
should be used only with caution, as they do not 
provide sufficient evidence of probiotic or prebi-
otic efficacy and it is tempting to overextend 
the meaning of the results. results are likely to 
be biased towards a specific case and there is no 
A. InTrODUCTIOn
mechanism for similar reports of product failure. 
The sample population size is always important 
in proving efficacy in the general population. 
Although human case studies can raise public 
awareness, they should always be confirmed by 
well-designed, randomized, double blind, con-
trolled trials. Caution should also be exercised 
in evaluating case studies as they relate to safety. 
Individual reports of rare adverse incidents can 
be difficult to interpret without context for eval-
uating the relative risk [61].

7.4. Human Trials

well-designed, randomized, double blind, con-
trolled trials are the core of efficacy substantiation 
and have been conducted with some prepara-
tions [62, 63]. However, some factors complicate 
this approach, especially when applied to the 
evaluation of functional foods [64]. It is impor-
tant to define the active ingredients of a prepa-
ration to be put on the market, because many 
ingredients may not be stable. Effects of the func-
tional ingredient(s) may vary when included in 
different food matrices, and for this reason stud-
ies should be performed on the final product. 
Although placebo-controlled trials are the ideal, 
it can be difficult to develop an appropriate pla-
cebo for some studies, especially for food deliv-
ery systems [65]. However, even if the placebo is 
discernible from the test product, it is still possi-
ble to blind a study (i.e. none of the participants 
knows which product is test and which is pla-
cebo). If a placebo-controlled trial is not possible, 
it is still important that the trial is randomized. 
Another important factor is the reproducibility of 
the study.

Open-label studies might provide useful 
information. For marketing of functional foods, 
the psychology of the product may be an impor-
tant factor. However, although important from a 
marketing point of view, establishment of a psy-
chological placebo effect would not be convinc-
ing evidence of efficacy for either scientific or 
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regulatory scrutiny. If an open-label approach is 
used, randomization is still an important study 
design element and results must be reproduc-
ible to be considered valid [2].

Epidemiology was considered to be valuable, 
but the large degree of experimental ‘noise’ in 
these studies makes it difficult to detect small 
effects. Obtaining reliable information from con-
sumers regarding their dietary intakes is difficult, 
and such studies can be costly and time consum-
ing. Observational studies can also be valuable, 
but do not provide conclusive evidence.

Performing long-term intervention trials is 
also important, especially in order to observe 
the improvement of wellness. Most studies with 
probiotics and prebiotics are short-term (12 
week) studies. If, for example, a risk factor can be 
reduced with probiotic or prebiotic administra-
tion, long-term trials are necessary to investigate 
whether the effect will persist with time. Post-
market surveillance is important in order to mon-
itor the long-term beneficial (or adverse) effects. 
It is a difficult task to perform though, since diet 
is not easily monitored accurately [2].

8. PrebIoTIC anD  
ProbIoTIC ClaIMS

8.1. european Union

The European Food Safety Authority (EFSA) 
has issued a scientific and technical guidance for 
the preparation and presentation of the applica-
tion for authorization of a health claim [66] under 
regulation (EC) no. 1924/2006 of the European 
Parliament, and The Council of 20 December 
2006 on nutrition and health claims made on 
foods (OJ no. L 404, 30.12.2006), Corrigendum 
OJ L 12, 18.1.2007, pp. 3–18) requested by the 
European Commission.

This guidance applies to health claims related 
to the consumption of a food category, a food, 
or its constituents (including a nutrient or 
A. InTrODUCTIOn
other substance, or a combination of nutri-
ents/other substances); hereafter referred to as 
food/constituent.

The purpose of this guidance is to assist appli-
cants in preparing and presenting their appli-
cations for authorization of health claims that 
fall under Article 14 of the regulation (EC) no. 
1924/2006; i.e. reduction of disease risk claims 
and claims referring to children’s development 
and health. This guidance will be updated at a 
later stage to cover applications for authorization 
of the health claims which fall under Article 18 
of the regulation (EC) no. 1924/2006. In other 
words, applications for inclusion of health claims 
in the Community list of permitted claims pro-
vided for in Article 13(3) based on newly devel-
oped scientific evidence and/or include a request 
for the protection of proprietary data.

As specified in the regulation (EC) no. 1924/ 
2006, health claims should be substantiated by 
taking into account the totality of the available sci-
entific data and by weighing the evidence, subject 
to the specific conditions of use. In particular, the 
evidence should demonstrate the extent to which:

l the claimed effect of the food/constituent is 
relevant for human health;

l a cause and effect relationship is established 
between the consumption of the food/
constituent and the claimed effect in humans 
(such as: the strength, consistency, specificity, 
dose-response, and biological plausibility of 
the relationship);

l the quantity of the food/constituent and 
pattern of consumption required to obtain 
the claimed effect could reasonably be 
achieved as part of a balanced diet; and

l the specific study group(s) in which the 
evidence was obtained is representative of 
the target population for which the claim is 
intended.

In accordance with the requirements of the 
regulation, the guidance imposes the layout 
of the submission dossier based on five parts 
(Table 2.4).
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Organization and content of the  
application

Data provided in the application should be 
organized into five parts.

Part 1 contains the specific requirements for 
the Administrative and Technical Data:

l Comprehensive table of contents of the application; 
application form; general information. These 
would consist of the name and address of the 
company or organization, the contact person 
authorized to communicate with EFSA on 
behalf of the applicant; the nature of the 
application (application for authorization of a 
health claim pursuant to Article 14 or 13(5) of 
the regulation (EC) no. 1924/2006); national 
and international regulatory status.

l Health claim particulars (specify the food/
constituent for which a health claim is made; 
describe the relationship between the food/
constituent and the claimed effect; provide a 
proposal for the wording of the health claim 
for which authorization is sought; specific 
conditions of use).

l Summary of the application and references.

Part 2 contains information specific to Food/
Constituent Characteristics:

l Food constituent (name and characteristics; 
manufacturing process, stability information; 
bioavailability data).

l Food or category of food (name and 
composition; manufacturing process, stability 
information, and bioavailability data). 

l References.

Table 2.4 Organization of the applications

Part 1 l Administrative and Technical Data

Part 2 l Food/Constituent Characteristics

Part 3 l Overall Summary of Scientific Data

Part 4 l Body of Pertinent Scientific Data Identified

Part 5 l Annexes to the Application
A. InTrODUCTIOn
Part 3 contains:
l Tabulated summary of all pertinent studies 

identified.
l Tabulated summary of data from pertinent 

human studies.
l written summary of data from pertinent 

human studies.
l written summary of data from pertinent 

non-human studies.
l Overall conclusions.

Part 4 contains:
l All pertinent scientific data that form the basis for 

substantiation of the health claim (identification 
of pertinent scientific data). Journal abstracts 
and articles published in newspapers, 
magazines, newsletters or handouts that 
have not been peer-reviewed and books 
or chapters of books for consumers or the 
general public should not be cited.

l A comprehensive review of published 
human data (authorship, background; 
clearly describe the relationship between the 
food/constituent and the claimed effect—or 
surrogate markers of the claimed effect—that 
is being addressed in the comprehensive 
review; clearly define exclusion and 
inclusion criteria that will be applied by the 
applicant to select pertinent publications; 
literature search; identification of pertinent 
published human data).

l Unpublished human data.
l Identification of published non-human data.
l Unpublished non-human data.
l Pertinent data identified (human data and non-

human data).

Part 5 comprises the annexes to the application:
l Glossary abbreviations; copies/reprints of pertinent 

published data; full study reports of pertinent 
unpublished data, and other; scientific opinion, 
of national/international regulatory body for 
health claim authorization if available.

The organization of the data identified as perti-
nent must be done in the order shown in Table 2.5.
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Table 2.5 study type of human and non-human studies

1. HUMAN STUDIES (dealing with the relationship between the consumption of the food/constituent and the claimed effect)
1.1 Experimental intervention studies

a. rCT (full randomization) (method of randomization reported as coin toss, computer generated numbers, 
random number tables or similar).

b. rCT (concealed allocation).
c. rT (non-controlled).

1.2 Quasi-experimental intervention studies
a. non-randomized, controlled.
b. non-randomized, non-controlled.

1.3 Observational studies 
a. Cohort studies.
b. Case-control studies.
c. Cross-sectional studies.

1.4 Other [human studies dealing with the mechanisms by which the food/constituent could be responsible for the 
claimed effect (mechanistic studies), or studies on bioavailability].

2. NON-HUMAN STUDIES
2.1 Animal studies [dealing with, e.g., the mechanisms by which the food/constituent could be responsible for the 

claimed effect (mechanistic studies), including studies on bioavailability].
2.2 Ex vivo/in vitro studies (based on either human or animal biological samples related to the mechanisms of action 

by which the food/constituent could be responsible for the claimed effect).
2.3 Other (studies reporting any combination of the above or non-classifiable among the above).

rCT  randomized controlled trial; rT  randomized trials.
8.2. United States

As an exemption from drug status, pursuant 
to amendments to the Food, Drug and Cosmetic 
(FDC) Act established by the nutrition Labeling 
and Education (nLEA) Act of 1990 (nLEA), Food 
and Drug Administration (FDA) regulations allow 
a claim in the labeling of food that characterizes 
the relationship of any food substance to a dis-
ease or health-related condition if the claim is first 
approved by an FDA regulation, 21 of the Code of 
Federal regulation (CFr) at Section 101.14. Such 
claims are called ‘health claims.’ Examples include 
calcium to help prevent osteoporosis, folic acid to 
prevent neural tube defects, and consumption of 
soy protein to reduce the risk of cardiovascular 
disease (see 21 CFr § 101.72, 101.79 and 101.82).

Statements of nutritional support, often referred 
to as structure/function claims, were formally 
authorized in the Dietary Supplement Health and 
Education Act of 1994 (DSHEA). Initially, such 
statements were regarded as being available for 
A. InTrODUCTIOn
use only in the labeling of dietary supplements, 
not foods, but FDA extended the use of these 
claims to food in September 1997, in a Federal 
register notice (www.cfsan.fda.gov/label.html).

Health claims are defined in the USA as any 
claims that expressly or by implication charac-
terize the relationship of a dietary substance to 
a disease or health-related condition, must be 
pre-approved by the FDA or must be issued as 
authoritative statements by an agency of the US 
government with responsibility for dietary guid-
ance or public health [2]. However, Section 3003 
of the FDA Modernization Act (FDAMA), 1997, 
amends section 403(r)(3) of the FDC Act to add 
new sub-paragraphs (C) and (D), authorizing 
food labeling to include certain ‘health claims’ 
without approval by an FDA regulation.

FDA has issued new guidance to industry 
allowing qualified health claims in the labeling 
of conventional foods and dietary supplements. 
This guidance is a result of the Court of Appeals 
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decision in the Pearson v. Shalala litigation 
(United States Court of Appeals for the District of 
Columbia Circuit, Pearson v. Shalala, 164 F.3d 650, 
DC Cir. 1999). In this guidance the FDA indicates 
that it will expand the exercise of enforcement 
discretion for a health claim that is not subject to 
an FDA approved regulation under the following 
circumstances [67]:

1. The claim is subject to health claim petition 
requirements of 21 CFr § 101.70 and has 
been filed for comprehensive review under 
21 CFr § 101.70(J)(2).

2. The scientific evidence in support of the claim 
outweighs the scientific evidence against the 
claim, the claim is appropriately qualified, 
and all statements in the claim are consistent 
with the weight of the scientific evidence.

3. Consumer health and safety are not 
threatened.

4. The claim meets the general requirements 
for health claims at 21 CFr § 101.14 except 
for not meeting the significant scientific 
agreement requirement.

Four different health claims are allowed for 
dietary supplement products without an FDA 
approved regulation if certain legal requirements 
are met. Those claims are statements that:

1. claims a benefit related to a classical nutrient 
deficiency disease and discloses the prevalence 
of such disease in the United States;

2. describes the role of a nutrient or dietary 
ingredient intended to affect the structure or 
function in humans;

3. characterizes the documented mechanism by 
which a nutrient or dietary ingredient acts to 
maintain such structure or function; and

4. describes general well-being from 
consumption of a nutrient or dietary 
ingredient.

Alternatively, there are other basic rules con-
cerning the use of ‘structure/function’ health 
claims for foods that are held to different legal 
A. InTrODUCTIOn
requirements than the ‘structure/function’ type 
claims made for dietary supplements [67].

In proving a case for efficacy to substantiate a 
health or structure/function claim, a variety of 
sources of information may be compiled, includ-
ing experience, long-standing traditional use, eth-
nomedical uses, animal studies, case reports, in 
vitro experiments and clinical or human volunteer 
trials. Animal and in vitro studies alone would not 
adequately support a health claim [2].

According to the FDA [68], the degree of 
qualification needed and the level of evidence 
supporting a health claim will be judged by the 
following rating system: a) significant scientific 
agreement exists, no qualifications are necessary; 
b) the evidence is not conclusive; c) the evidence 
is limited and not conclusive; and d) there is lit-
tle scientific evidence supporting the claim.

The types of studies supporting claims will 
be rated: Type 1 (randomized controlled inter-
vention trial); Type 2 (prospective observational 
cohort study); Type 3 (non-randomized interven-
tion trial with concurrent or historical control); 
and Type 4 (cross-sectional study, case study).

The strength of the total body of scientific 
evidence will be rated according to:

l Quantity (the number of studies and number 
of individuals tested, weighted by study type 
and quality).

l Consistency (similarity of results from high 
quality studies of design Types 1 and 2.

l Relevance [magnitude of effect (observed in 
high quality studies of design Types 1 and 
2) and whether the effect is physiologically 
meaningful and achievable].

9. QUalIFIeD PreSUMPTIon 
oF SaFeTy (QPS) ConCePT oF 

MICro-orGanISMS USeD In FooD

Presumption being defined in the European 
Union as ‘a belief or assumption based on 
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reasonable evidence’ and qualified to allow 
certain restriction to apply. The QPS approach 
regarding microorganisms in food and feed is a 
system similar to the GrAS definition, but mod-
ified to take into account the different regulatory 
practices in Europe. QPS provides a mechanism 
to recognize and give weight to prior knowledge 
when assessing the safety of microorganisms in 
food and feed production.

The QPS approach represents a possible route 
to harmonization of approaches for the safety 
assessment of microorganisms used in food/
feed production without introducing unneces-
sary measures in areas where there has been 
no great concern about safety, while allowing 
more important safety concerns to be addressed. 
Therefore, QPS is suggested as an operating pro-
cedure within EFSA for risk assessment.

The traditional use of microorganisms may 
be placed in three categories (see Table 2.6).

QPS is not applicable to traditional, unde-
fined microbial mixtures belonging to Categories 
A and B, until the mixture becomes defined,  
and thus regrouped in Category C. For microbes 
belonging to Category C, QPS is applicable 
and represents a useful approach to the assess-
ment of safety. If, on this sub-division of the 
‘tradition use’ however, the traditional unde-
fined microbial mixture has a long history 
of apparent safe use, no safety assessment is 
needed for this particular use. However, cer-
tain issues could be addressed on a case-by-case 
basis, including the presence of virulence fac-
tors, toxic metabolites and antibiotic resistant  
determinants.

If an undefined mixture belonging to 
Categories A or B can be defined at a later date, 
QPS will then become applicable. It was sug-
gested that for microbial mixtures with a long 
history of safe use, identification at species level 
rather than at strain level would be required in 
order to obtain QPS status. It should be noted 
that the expert consultation jointly set up by the 
FAO and wHO has strongly advised the use 
of molecular biology techniques such as 16S 
A. InTrODUCTIOn
rDnA sequencing or DnA/DnA hybridization 
and up-to-date taxonomic nomenclature for the 
identification of probiotic bacteria. Comparison 
of rDnA genes sequences is currently consid-
ered to be one of the most powerful and accu-
rate methods for species identification.

Based on this sub-division of the ‘traditional 
use’ of microorganisms, the colloquium reached 
agreement as follows: for microbes belonging 
to Category C, QPS is applicable and represents 
a useful approach to the assessment of safety. 
It should be noted that this category included 
complex microbial mixtures containing a large 
number of different strains, provided that each 
strain has been identified.

Table 2.6 Categories of microorganisms following its 
traditional use

Category A l Spontaneous fermentation 
processes, i.e. without any 
micro-organisms added 
intentionally and so-called 
back-slopping processes 
where an undefined mixture 
of micro-organisms, naturally 
present in a product, is 
recycled (e.g. olives, cream 
and sourdough-based bread).

Category B l Processes based on 
deliberately added, but 
undefined microbial 
mixtures, which were not 
originally part of the natural 
flora in the raw material (e.g. 
‘Kefir’, flora Danica).

Category C l Processes using defined 
micro-organisms, which 
are identifiable at the strain 
level. This category includes 
complex microbial mixtures 
containing a large number 
of different strains, provides 
that each strain has been 
identified (i.e., known at the 
strain level).
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In the case of novel use of a microorgan-
ism that also has a traditional use in food or 
feed production, the novel Food regulation 
covers the safety assessment of the products 
[regulation (EC) no. 258/97 of the European 
Parliament and of the Council of 27 January 1997 
concerning novel foods and novel food ingredi-
ents (OJ no. L 43, 14/2/1997, p. 1)]. For novel 
use of undefined microbial mixtures, where QPS 
is not possible, a full case-by-case assessment is 
needed. However, if the mixture can be defined, 
no matter how complex that mixture may be, 
QPS might be applicable, and necessary to opti-
mize the safety assessment.

Taxonomic status of candidate organisms 
for QPS assessment

The term ‘body of knowledge’ should be 
used following the recommendation of EFSA 
Scientific Colloquium [69]. This term is required 
for the QPS safety assessment of probiotics and 
who should decide what defines the boundaries 
to that body of knowledge. Several elements 
will comprise the ‘body of knowledge’ (Figure 
2.2). In addition to the peer-reviewed scientific 
literature, these include an understanding of the 
history of use of a microorganism, its industrial 
A. InTrODUCTIOn
applications, its ecology, any clinical reports 
concerning the microorganisms and entries in 
public databases.

Purpose and advantages of QPS

Any ‘generic listing’ of a microorganism 
should be qualified, allowing the general safety 
of the organism/group of organisms to be con-
cluded provided that certain specific criteria are 
met. QPS is a qualified generic approval system 
that would harmonize the safety assessment of 
microorganisms throughout the food chain. A 
case-by-case safety assessment could then be 
limited to only those aspects that are relevant 
for the organism in question (e.g. the presence 
of acquired antibiotic resistance determinants 
in a lactic acid bacterium or known virulence 
factors in species known to contain pathogenic 
strains).

Requirements of QPS

For a notifier with a production strain fall-
ing within a taxonomic unit already granted 
QPS status the only requirements would be: (a) 
registration of a production strain with accom-
panying evidence of its taxonomic status and 
History of use

Industrial
applications

Scientific
literature and

databases

Body of
knowledge
(familiarity)

Clinical
aspects

Ecology

FIGUre 2.2 Components comprising the body of knowledge.
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that the strain meets all of the qualifications 
imposed for the particular taxonomic unit; and 
(b) notifications of any changes in use or to pro-
duction conditions.

The QPS would have to be established by 
those responsible for risk assessment rather than 
resulting from the cumulative applications of 
notifiers. This might initially center on the more 
commonly encountered genera; in particular, 
those used for food application to which some 
form of regulation might be usefully introduced 
(lactic acid bacteria, bifidobacteria, Bacillus spp.). 
Thereafter, additions may be at the request of, 
and with the help of, notifiers.

10. ConClUSIon

This review is focused on an overview of the 
assessment of prebiotics and probiotics, in respect 
of their safety and health benefits, before they 
can be introduced into food products. In the case 
of novel microorganisms and genetic modified 
organisms the question of their safety and risk-to-
benefit ratio needs to be carefully established. It is 
recognized that there are numerous potential new 
applications being considered for prebiotic com-
pounds and probiotic microorganism uses which 
must be assessed on the basis of the existing sci-
entific regulatory requirements. when novel 
organisms and genera are selected for probiotic 
use, the current safety assessment procedures 
described in the EU novel Foods Directive and 
related reviews need to be carefully followed.

There is a need for more randomized, pla-
cebo-controlled clinical trials with adequate 
statistical power. This requires relevant infor-
mation on the dose–response effects, efficacy 
and safety of probiotic products. Publication 
in peer-reviewed journals of all clinical trials, 
whether the outcome is positive, negative or 
adverse, should be encouraged.

At present, the available information on current 
probiotics provides convincing safety records.
A. InTrODUCTIOn
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C H A P T E R
Microorganisms have played an essential 
role in food, drinks, and human health for cen-
turies. The discovery of a symbiotic relationship 
between bacteria and humans led to novel ways 
of examining bacteria as potentially beneficial, 
rather than pathogenic. When mitochondria 
were discovered in the 1800s, scientists were 
struck by how much these organelles looked 
like bacteria. These observations led to the 
‘endosymbiotic’ hypothesis that mitochondria 
descended from bacteria in a mutually beneficial 
relation with their human host cells. While sci-
entists knew for a long time that bacteria could 
live inside animals and plants without causing 
disease, the symbiotic theory of bacteria and 
humans would take time and further research to 
build enough evidence to convince the scientific 
community [1]. In ancient times, when Eastern 
nomadic shepherds frequently carried pouches 
of fresh milk in their travels, they accidently dis-
covered that the milk sometimes fermented into 
a bubbly, tasting beverage. The nomads called 
the drink ‘kefir,’ thought to originate from the 
Turkish word ‘keif,’ meaning ‘good feeling.’ In 
parts of the Caucasus Mountains, legend has 
it that the natives added kefir grains, with its 
fermenting yeasts and bacteria, to fresh milk 
and drank it once it soured. It is unknown how 
43Bioactive Foods in Promoting Health: Probiotics and Prebiotics 
many cultures knew about kefir, but Marco Polo 
is known to have spoken of kefir in his travels 
to the East [2].

A renewed interest in microorganisms 
occurred with the discovery of ‘lactic acid bac-
teria’ (LAB) in the mid-nineteenth century, and 
since then dairy foods fermented by these bac-
teria have been hypothesized to provide a wide 
variety of health benefits. In the past 150 years, 
research demonstrating that some microorgan-
isms benefit human health led to the concept 
of bio-therapeutic and prophylactic uses of 
bacteria and the widespread use of probiotics 
in today’s world. After Louis Pasteur demon-
strated in 1857 that the fermentation process is 
caused by microorganisms, the first successful  
isolation of a LAB came shortly after. Joseph 
Lister isolated the strain Bacterium lactis in fer-
mented milk in 1873 [3]. And so began a series 
of discoveries regarding microorganisms and 
their intimate relationship with human health. 
In 1885, Theodor Escherich discovered the bac-
terium Escherichia coli and later suggested a ben-
efit of bacteria in digestion based on evidence 
of the early colonization of the gastrointestinal 
tract of infants [4]. A few years later, the discov-
ery of bifidobacteria in the gut flora of breast-fed 
infants by Henri Tissier at the Institut Pasteur led 
© 2010, Elsevier Inc. All rights reserved.
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to the recommendation to administer bifidobac-
teria to infants with diarrhea. Tissier observed 
a lower incidence of diarrhea among breast-fed 
infants compared to formula-fed infants, and 
claimed that bifidobacteria can replace the harm-
ful bacteria responsible for the diarrhea [5].

The works of one nobel prize-winning sci-
entist, Elie Metchnikoff, is often considered the 
birth of probiotics [6]. In Metchnikoff’s book, 
The Prolongation of Life, he postulated that the 
lactic acid bacteria (LAB) content of fermented 
milk offers health benefits. Metchnikoff further 
suggested that ingestion of LAB can lead to 
increased longevity of the host, as he observed 
that Bulgarian peasants who consumed large 
amounts of sour milk lived longer than the 
average human [7]. He also bolstered his data 
with claims of his own ‘feeling of general health 
and well-being’ after ingesting the LAB. The 
bacteria in the sour milk were what would be 
later named Lactobacillus bulgaricus [7].

Following Metchnikoff’s best-selling publi-
cation, dozens of experiments were conducted 
to show a beneficial association between vari-
ous types of LAB and human health. Then, in 
the following decades, Metchnikoff’s theory 
that LAB benefit the human gut was challenged 
by several scientists when they demonstrated 
that bifidobacteria could not survive passage 
through the stomach and small intestine [8, 9]. 
The focus then shifted to other types of LAB that 
could survive in the human gut but also retained 
the beneficial features for health. The next 
strains examined fitting these criteria included 
Lactobacillus acidophilus, which was discovered 
by Moro in 1900 and promoted by Leo rettger, a 
bacteriology professor at Yale university in the 
1930s. rettger and his colleague Harry Cheplin 
claimed that the intestinal flora of the human 
gut is dependent almost entirely by the nature 
of the individual’s diet, and that L. acidophilus 
may help certain GI ailments [10, 11].

over the next century, much of probiotics 
research examined the effects of L. acidophilus 
on human health, and continues to provide  
A. InTroduCTIo
evidence that other LAB strains played a sig-
nificant role in human health [12]. In 1930, the 
first culture of Lactobacillus casei was isolated by  
dr. Minoru Shirota at Kyoto university in Japan. 
Based on the hypothesis that daily ingestion of 
LAB promotes intestinal health and prevents 
disease, dr. Shirota developed a fermented milk 
drink named ‘Yakult,’ which is still on the mar-
ket today [6]. While it was not yet called a ‘pro-
biotic,’ by today’s standard, this was the first 
known commercially produced fermented milk 
drink. dairy products containing LAB strains 
were also produced in Germany in the 1960s, 
and ‘bio-yogurts’ were first popularized here [4].

The term ‘probiotics’ is based on the Greek 
expression ‘pro bios,’ which means ‘for life.’ The 
first use of the word ‘probiotic’ was by Kollath 
in 1953 when he used the term to contrast favo-
rable food complexes with antibiotics and other 
antimicrobial substances [4]. Lilly and Stillwell 
generalized the definition in 1965 when they 
described probiotics as ‘substances secreted by 
one microorganism which stimulates the growth 
of another,’ although various other definitions 
have been proposed and adopted since then [13]. 
While probiotics improve the microbial environ-
ment of the intestine, prebiotics actually stimulate 
growth or activity of beneficial bacteria already 
present in the colon. It was not until 1995 that the 
term ‘prebiotic’ was introduced by Gibson and 
roberfroid as a ‘non-digestible food ingredient 
that beneficially affects the host by selectively 
stimulating the growth and/or activity of one or 
a limited number of bacteria in the colon’ [14]. 
In the last decade, a wealth of research on the 
symbiotic relationship between probiotics and 
prebiotics has furthered the discussion on health-
enhancing foods and beverages.

ConCLUSIon

More than 2000 years ago, Hippocrates advo-
cated for the importance of food in human 
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health when he stated ‘let food be thy medi-
cine.’ This principle of healthy living is still 
apparent in today’s world with the growing 
interest in foods that are functional and ‘pro-
life.’ The strength of the evidence for the ben-
efits of microorganisms in human health has 
steadily increased since the start of the micro-
biology era in the mid-nineteenth century, and 
the value of probiotics has been well-estab-
lished in clinical trials and other prospective 
studies. Furthermore, the LAB species such as 
Lactobacillus and Bifidobacteria that were exam-
ined more than 150 years ago remain the most 
commonly used probiotics even today. The 
drink we call kefir has high amounts of these 
LAB species, containing a total of 10 active 
microorganisms. Because kefir is such an eas-
ily digested nutritious food full of calcium, 
protein, and fiber, it is ideal for infants, preg-
nant women, nursing mothers, or the elderly. 
research on the health benefits of kefir in a 
variety of ailments is ongoing, including intes-
tinal tract health, immunity and the prevention 
of infections, infant and children’s health, the 
management of obesity and nutritional health, 
and the prevention of cancer.
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C H A P T E R
1. INtroDuctIoN

The ingestion of lactic acid bacteria (LAB) in 
fermented food dates back thousands of years 
in the belief that they have health benefits. Elie 
Metchnikoff, in the early twentieth century, first 
related the consumption of probiotic bacteria to 
health effects and longevity. Since they were con-
sumed as constituents of food, probiotic bacteria, 
most of them including in the genera Lactobacillus 
and Bifodobacterium, with some strains of 
Enterococcus and Saccharomyces, were generally 
considered as safe on the basis of a long history 
of use and with the assumption that they were 
normal commensal flora. However, health-pro-
moting effects of probiotics, until recently poorly 
supported by research, has actually gained great 
interest, since animal models and clinical trials 
have demonstrated their benefits. These include: 
anti-infection properties [1]; beneficial effects in 
intestinal inflammation [2]; immunomodulatory 
activity [3]; or efficacy in the prevention of aller-
gic diseases [4]. Thus, probiotics are now consid-
ered good candidates for functional foods and a 
high number of new bacterial strains are being 
identified and incorporated into food and phar-
maceutical products. Not all of these strains have 
scientifically proven their benefits and safety, 
although it has been widely demonstrated that 
probiotic effects are strain specific, which means 
47Bioactive Foods in Promoting Health: Probiotics and Prebiotics 
that the effects of one strain cannot be extrapo-
lated to others. Thus, it cannot be assumed that 
all of the probiotic strains share the historical 
safety of tested or traditional strains. The increas-
ingly widespread use of probiotics, together with 
different reports relating probiotics with different 
pathological conditions, has resulted in concern 
about the risk of consumption of these bacteria. 
However, it has been reported that, in spite of 
the marked increase in the use of the probiotic 
L. rhamnosus GG in Finland since 1990, no signif-
icant increase in Lactobacillus bacteremia attrib-
utable to probiotic strains has been observed 
in southern Finland [5]. Thus, there is scientific 
evidence supporting the safety of probiotics, 
particularly the Lactobacillus strains. The objec-
tive of this chapter is to review different aspects 
of the safety of probiotic bacteria, such as the 
known risk of probiotic consumption, position-
ing of expert committees, and the methods actu-
ally used to demonstrate safety of these bacteria. 
The concept of genetic manipulation of bacteria 
to achieve a specific probiotic function has been 
suggested [6, 7]. However, the use of geneti-
cally modified organisms (GMOs) with probiotic 
properties is unlikely in the near future because, 
among other reasons, of consumer rejection. 
They would be considered as ‘novel food’ and 
stringent safety assessments would be required. 
These microorganisms are beyond the objective 
© 2010, Elsevier Inc. All rights reserved.
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of this chapter, since they fall more in the area of 
medicine than that of food.

2. PatHoGeNIcIty aND 
INfectIvIty of ProBIotIc 

BacterIa

Although the absence of pathogenicity and 
infectivity of a microorganism is a prerequisite to 
considering it a probiotic, the frequent isolation of 
strains belonging to the same species than com-
mon probiotic bacteria from clinical infections  
has resulted in concerns about the possible infec-
tivity of these bacteria. while it has been reported 
that lactobacilli and bifidobacteria may invade 
the host body by bacterial translocation and 
other routes [8], it seems probable that for these 
bacteria to cause infection, both the bacterial fac-
tors and the host factors have to be involved. 
In fact, the isolation of probiotic bacteria from 
infections is likely to be the result of opportun-
istic infections. All cases of probiotic sepsis have 
occurred in patients with an underlying immune 
compromise, chronic disease or debilitation and 
there is no report on probiotic sepsis in healthy 
individuals. In a review by Boyle et al. [9] the 
known risks of probiotic treatment are revised. 
These authors have reported 12 cases of bacte-
rial sepsis temporally related to probiotic use in 
humans, nine cases of bacteremia, two cases of 
endocarditis and one case of liver abscess. All of 
these were associated with different risk factors 
such as diabetes mellitus, short gut syndrome, 
central nervous catheter and antibiotic diarrhea, 
among others. In those cases the bacteria isolated 
was indistinguishable from the probiotic strain 
consumed. Lactobacillus rhamnosus LGG and 
Bacillus subtilis were the most frequently isolated 
strains, which could be due, at least in the case of 
LGG, to the widespread use of these strains. No 
cases of infection from Bifidobacterium have been 
reported. Isolation of Saccharomyces boulardii  
from infection has been more frequent. Boyle 
and colleagues [9] reported 24 cases of fungal 
sepsis related to the consumption of this yeast 
A. INTrOducTION
strain in individuals with different risk factors. 
They proposed immune comprise and prema-
turity as major risk factors in the treatment with 
probiotics and also suggested other minor risk 
factors such as central venous catheter, impaired 
intestinal barrier or concomitant treatment with 
antibiotics to which probiotics are resistant.

In 2008, Besselink et al. [10] reported an 
increased rate of mortality in patients with severe 
acute pancreatitis treated with a combination of 
six probiotics (L. acidophilus, L. casei, L. salivarius,  
L. lactis, B. bifidum and B. lactis) compared to 
patients treated with a placebo. Severe acute pan-
creatitis is an acute inflammatory process with 
high rates of mortality. In this disease, enteral 
nutrition helps in maintaining the integrity of the 
gut barrier, which is a key factor in limiting bac-
terial translocation. Modulation of the intestinal 
flora with probiotics has a rationale as a possible 
treatment option to limit complications. In fact, it 
has been demonstrated that treatment with spe-
cific probiotics could be beneficial in terms of 
reducing infectious complications [11]. As previ-
ously mentioned, not all probiotics have similar 
effects and, especially in pathological conditions, 
benefits and safety of probiotics have to be evalu-
ated on a strain-by-strain basis (Table 4.1).

One theoretical concern with the safety of pro-
biotics is the fact that most of them have been 
selected to have good adherence, which was ini-
tially considered important to their mechanism 
of action. Adherence to intestinal mucosa could 
also be the first step in the translocation of bacte-
ria from gut to other tissues. This concern is sup-
ported by the fact that blood culture isolates from 
Lactobacillus spp. have greater adherence properties 
than do isolates from human feces or dairy prod-
ucts [12]. This finding could be of special interest in 
those cases of immaturity of the intestinal barrier 
such as in a newborn, especially preterm, although 
probiotics have been used in preterm infants with 
no significant adverse effects [13].

Probiotics have also been demonstrated to play 
an important role in immune-modulation both in 
animal models and clinical trials [14, 15]. The immu-
nological effect of probiotics, while considered  
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493. ExPERT CommiTTEE REPoRTS And REgulATion on THE uSE of PRoBioTiCS
taBle 4.1 main reports of complications associated with the consumption of probiotic bacteriaa

Report Age Complication Risk factor Probiotic

rautio et al. 1999 [60] 74 years Liver abscess diabetes mellitus LGG

Mackay et al. 1999 [61] 67 years Endocarditis Mitral regurgitation, dental extraction L. rhamnosus

Kunz et al. 2004 [62] 3 months Bacteremia Prematurity, short gut syndrome LGG

10 weeks Bacteremia Prematurity, short gut syndrome LGG

inflammed intestine

de Groote et al. 2005 [63] 11 months Bacteremia Prematurity, short gut syndrome LGG

gastroctomy, cvc, parenteral nutrition

rotavirus diarrhea

Land et al. 2005 [64] 4 months Endocarditis cardiac surgery, antibiotic diarrhea LGG

6 years Bacteremia cerebral palsy, jejunostomy feeding, LGG

cvc, antibiotic diarrhea

richard et al. 1988 [65] 47 years Bacteremia Not stated B.subtilis

25 years Bacteremia Not stated B.subtilis

63 years Bacteremia Not stated B.subtilis

79 years Bacteremia Not stated B.subtilis

Oggioni et al. 1998 [66] 73 years Bacteremia chronic lymphocytic leukemia B.subtilis

Zein et al. 2008 [67] 54 years Bacteremia diabetes mellitus L. rhamnosus

aActualized from Boyle et al. 2006 [9]. cvc: central venous catheter. LGG: L.rhamnosus GG.
a beneficial property, has also raised some con-
cerns about the use of these bacteria in specific 
conditions, such as pregnant mothers. Probiotics 
have been shown to suppress the Th2 response, 
which could be theoretically detrimental during 
pregnancy when there is a bias in T cell response 
to a Th2 phenotype. However, different reports 
have demonstrated that LGG administration to 
pregnant women has no adverse effects and it is 
effective in the reduction of early atopic disease 
in children at high risk [15] and in the preven-
tion of IgE-associated allergy in cesarean-deliv-
ered children [16].

Although probiotics have been related to clin-
ical pathologic conditions, it is unlikely that they 
universally possess generalized mechanisms of 
infectivity. Safety evaluation of short- and long-
term effects of each specific strain of probiotic 
will be important in the selection and charac-
terization studies, especially to those strains tar-
geted to specific at-risk populations.
A. INTrOducTION
3. exPert commIttee  
rePortS aND reGulatIoN  
oN tHe uSe of ProBIotIcS

3.1. recommendations from expert 
committees

There is no international consensus on the safety 
of microorganisms used as probiotics. Historically, 
lactobacilli and bifidobacteria associated with 
food have been considered to be safe. A long his-
tory of consumption of these microorganisms 
included in human foods or in the preparation 
of human food has given them this presumption  
of safety. The ESPGHAN (European Society for 
Paediatric Gastroenterology, Hepatology and 
Nutrition) committee of Nutrition published in 
2004 a review about ‘Probiotic bacteria in dietetic 
products for infants’ considering that probiot-
ics so far used in clinical trials can be generally  
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considered as safe. However, surveillance for 
possible side effects, such as infection in high-
risk groups, is lacking and is needed [17]. In 
2006, a committee of NASPGHAN (North 
America Society for Pediatric Gastroenterology, 
Hepatology and Nutrition) published a guideline 
of clinical practice on probiotics [18]. The com-
mittee concluded that, in general, probiotics can 
be considered safe even in children. However, 
it is recommended that caution should be used, 
especially when considering probiotics in patient 
populations with indwelling venous catheters.

with the aim of evaluating the information 
and scientific evidence available on the functional 
and safety aspects of probiotics, a joint Food and 
Agriculture Organization of the united Nations/
world Health Organization (FAO/wHO) expert 
consultation on health and nutritional properties 
of powder milk with live lactic acid bacteria was 
held in 2001 [19]. In terms of safety of probiotics, 
the consultation believed that a set of general 
principles and practical criteria are needed to be 
generated to provide guidelines to test and prove 
to have a low risk of inducing or being associ-
ated with etiology of disease. The consultation 
concluded that the evaluation of safety would 
require at least some studies to be performed in 
humans, and should address aspects of the pro-
posed end use of the probiotic strain.

FAO/wHO convened a working Group in 
2002 to generate guidelines and recommend 
criteria and methodology for the evaluation of 
probiotics including the safety aspects [20]. In 
recognition of the importance of assuring safety 
of the probiotic bacteria, the working Group rec-
ommended that probiotic strains be character-
ized at a minimum with the following tests:

1. determination of antibiotic resistance 
patterns.

2. Assessment of certain metabolic activities.
3. Assessment of side effects during human 

studies.
4. Epidemiological surveillance of adverse 

incidents in consumers (post market).
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5. If the strain under evaluation belongs to 
a specie that is known as a mammalian 
toxin producer, it must be tested for toxin 
production.

6. If the strain under evaluation belongs to 
a specie with known hemolytic potential, 
determination of hemolytic activity is required.

It is also suggested that an assessment of lack 
of infectivity by probiotic strains in immuno-
compromised animals would add a measure of 
confidence in the safety of the probiotic.

3.2. legislative framework

However, the previously mentioned guide-
lines for the evaluation of probiotics in food 
are only recommendations, and the regulatory 
framework regarding the safety of human pro-
biotics is practically non-existent. In various 
countries, the food microorganisms are variably 
classified either as additives or processing aids 
or as ingredients.

The united States Food and drug Admini-
stration (FdA) does not currently regulate 
probiotic products. According to FdA, a micro-
organism used in food could be classified either as 
an additive, in which case it has to be approved by 
the FdA on the basis of safety and efficacy data, 
or it can be generally recognized as safe (GrAS). 
The GrAs status can be achieved in two ways. 
Either the substance or microorganism has a his-
tory of safe use in food dating before 1 January 
1958, or it has been recognized by qualified 
experts as safe under the conditions of intended 
use. However, GrAS status is usually restricted to 
a specific application and not to a general use of 
the organism in another context or product. In the 
case of the European union, in 2003 a document  
entitled ‘On a generic approach to the safety 
assessment of microorganisms used in feed/food 
and feed/food production’ was made available 
for public consultation [21]. This had been pre-
pared by a working group consisting of members 
of the former Scientific committee on Animal 
N ANd OvErvIEw
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Nutrition, Scientific committee on Food and the 
Scientific committee on Plants of the European 
commission and is referred to as ‘the QPS docu-
ment.’ A system was proposed for a pre-market 
safety assessment of selected groups of microor-
ganisms leading to a ‘Qualified Presumption of 
Safety (QPS).’ The concept and purpose is similar 
to the GrAS definition used in the uSA. In essence, 
this proposed that a safety assessment of a defined 
taxonomic group (e.g. genus or group of related 
species) could be made based on four pillars: estab-
lishing identity, body of knowledge including his-
tory of use, possible pathogenicity, and end use. If 
the taxonomic group did not raise safety concerns, 
or if safety concerns existed but could be defined 
and excluded (the qualification), the grouping 
could be granted QPS status. Thereafter, any strain 
of microorganism, the identity of which could be 
unambiguously established and assigned to a QPS 
group, would be free from the need for further 
safety assessment other than satisfying any quali-
fications specified. contrary to the GrAS concept, 
the status QPS refers to the microorganisms and is 
not restricted to a specific application allowing the 
development of novel products. Microorganisms 
not considered suitable for QPS would remain 
subject to a full safety assessment.

The EFSA Scientific committee recommended 
that a QPS system for microorganisms should be 
‘introduced and implemented across EFSA as an 
assessment tool within the framework of the cur-
rent and proposed legislation for all safety consid-
erations of microorganisms intentionally added 
to the food chain, regardless of purpose’ [22].

Approximately 100 species of microorgan-
isms have been referred to EFSA for a safety 
assessment. The majority have been the result of 
notifications for market authorization as sources 
of food and feed additives, food enzymes and 
plant protection products. A large majority of 
these 100 species were found to fall within four 
broad groupings:

1. Gram-positive non-sporulating bacteria 
(GPNS).
A. INTrOducTION
2. Bacillus species.
3. Yeasts.
4. Filamentous fungi.

The Scientific committee elaborated a list of 
microorganisms considered suitable for QPS 
status and these were updated in 2008 [23]. 
The list contains 74 species of microorganisms, 
including 33 species of Lactobacillus and five of 
Bifidobacterium (Table 4.2).

curiously the situation is more advanced for 
animal probiotics, where the Scientific committee 
on Animal Nutrition (ScAN) adopted the ‘opinion 
on the criteria for assessing the safety of microor-
ganisms resistant to antibiotics of human clinical 
and veterinary importance’ [24]. The test require-
ments include assessment of antibiotic resistance, 
genotoxicity tests and oral toxicity tests. The Panel 
on Additives and Products or Substances used in 
Animal Feed (FEEdAP) revised the ScAN opin-
ion and adopted an opinion on the criteria used 
in the assessment of bacteria for resistance to 

taBle 4.2 updated list of QPS granted lactobacilli 
and bifidobacteriaa

Bifidobacteria

B. adolescentis B. bifidum B. longum

B. animalis B. breve

Lactobacilli

L. acidophilus L. farciminis L. paracasei

L. amylolyticus L. fermentum L. paraplantarum

L. amylovorus L. gallinarum L. pentosus

L. alimentarius L. gasseri L. plantarum

L. aviaries L. helveticus L. pontis

L. brevis L. hilgardii L. reuteri

L. bucheri L. johnsonii L. rhamnosus

L. casei L. kefiranofaciens L. sakei

L. coryniformis L. kefiri L. salivarius

L. crispatus L. mucosae L. sanfranciscensis

L. curvatus L. panis

L. delbrueckii

aFrom EFSA 2008 [23].
 ANd OvErvIEw
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antibiotics of human or veterinary importance 
that has become a technical guidance for assist-
ing the applicants in the preparation of dossiers of 
Additives for Animal Feed [25].

The situation is different in the case of GMOs 
that would be subjected to the GMO and novel 
food/feed legislation.

4. evaluatIoN of tHe Safety 
of ProBIotIcS

According to the previously mentioned rec-
ommendations and guidelines, probiotics aimed 
to be incorporated into products for human 
consumption must be evaluated for safety and 
efficacy on a strain-by-strain basis. There are dif-
ferent in vitro and in vivo tests that are generally 
accepted to evaluate the safety of a probiotic 
strain, regarding both, the intrinsic properties of 
the individual strain as well as the effects of dif-
ferent doses of the strain on the host.

4.1. In Vitro tests to characterize  
the Safety of a Probiotic Strain

The intestinal microbiota plays an impor-
tant role in many metabolic activities, including 
complex carbohydrate digestion, lipid metabo-
lism and glucose homeostasis [26]. Therefore, 
manipulation of gut microbiota with probiotics 
may theoretically be associated to deleterious 
metabolic effects for the host. Some intrinsic 
properties of the probiotic strains could be detri-
mental, such as excessive bile salt deconjugation, 
degradation of mucines, production of ammonia,  
platelet-aggregating activity or antibiotic resist-
ance. Analysis of those possible detrimental 
activities is recommended in the evaluation of 
the safety of probiotic strains (Table 4.3).

Determination of antibiotic resistance 
patterns

The emergence and the spread or resistance 
to antimicrobials in bacteria pose a threat to 
A. INTrOducTION
human and animal health and present a major 
financial cost. As with any bacteria, antibiotic 
resistance exists among some lactic acid bacte-
ria, including probiotic microorganisms [27]. 
This resistance may be related to chromosomal, 
transposon or plasmid located genes. Insufficient 
information is available on situations in which 
these genetic elements could be mobilized and 
it is not known if situations could arise where 
this would become a clinical problem. The ente-
rococcal strains are normal inhabitants of the 
gastrointestinal tract and are present in many tra-
ditional fermented foods without any apparent 
risk. However, this resistance was found to be  
in vitro transferable, in addition to other entero-
coccal strains, and to other Gram-positive bacteria 
including Listeria [28] and Staphylococcus aureus 
[29]. Since vancomycin is one of the last antibiot-
ics that are effective against multidrug-resistant 
staphylococci, Salminen et al. [27] recommend 
that no vancomycin-resistant enterococci should 
be used as either human or animal probiotics.

The joint FAO/wHO expert consultation on 
health and nutritional properties of powder milk 
with live lactic acid bacteria suggested in 2001 
that further research relating to the antibiotic 
resistance of lactobacilli and bifidobacteria should 
be done [19]. The consultation recommended that 

taBle 4.3 main in vitro test used to evaluate  
the safety of probiotic bacteria

Antibiotic susceptibility
MIc values

Identification of the strain

Phenotypic tests

Genetic characterization (dNA/rNA hybridization,  
 16S sequencing)

Metabolic activities

deconjugation of bile acids

Production of amines

Platelet-aggregating activity

degradation of mucines

Production of d-lactic acid
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probiotic bacteria should not harbor transmis-
sible drug resistance genes encoding resistance 
to clinically used drugs. In the case of animal 
feed, where the use of antibiotics as growth pro-
moters apparently creates selective advantages 
for the spread of resistance factors, this prudent 
precaution would be particularly important. In 
2002, FAO/wHO convened a working Group 
to generate guidelines and recommend criteria 
and methodology for the evaluation of probiotics 
in foods. The working Group recommended the 
determination of antibiotic resistance patterns of 
the probiotic bacteria strains as a requirement for 
proof of the safety of the bacteria [20].

The extensive use of antibiotics in human and 
veterinary medicines and the indiscriminate use 
as growth promoters in animal feed have created a 
situation where the spread of multidrug resistances 
could be possible [30]. In an effort to decrease the 
development of resistance, various actions have 
been taken at community level, including the 
removal of all antibiotics used for growth promo-
tion purposes from animal feed in 2006. The Panel 
on Additives and Products or Substances used in 
Animal Feed (FEEdAP) updated the criteria used 
in the assessment of bacteria for resistance to anti-
biotics of human or veterinary importance [25]. 
It was proposed that the minimal inhibitory con-
centration (MIc) for antibiotics should be tested, 
as well as the MIc breakpoints for Enterococcus 
faecium, E. faecalis, Pediococcus, Lactobacillus and 
Bacillus categorizing a bacterial strain as resist-
ant to an antibiotic. If the MIc value for a certain 
antibiotic resistance has been surpassed, the trans-
ferability of the resistance should be tested (if pos-
sible) by conjugation experiments. If no transfer of 
genes is detected, the strain should be screened for 
the presence of known antibiotic resistance genes. 
The Panel proposes one scheme for the antimicro-
bial resistance assessment of a bacterial strain used 
as feed additive (Figure 4.1). The Panel concludes 
that those strains of bacteria carrying an acquired 
resistance to antimicrobials should not be used as 
feed additives, unless it can be demonstrated that 
it is a result of chromosomal mutation.
A. INTrOducTION
Identification of individual strains

Most probiotic strains mainly belong to two 
genera, Lactobacillus and Bifidobacterium, but other 
lactic acid bacteria such as E. faecium or S. ther-
mophilus, or even non-lactic acid bacteria such as 
E. coli, are used as probiotics. The taxonomic clas-
sification of the probiotic bacteria must be accu-
rate since this aspect can involve connotations of 
safety and regulation [31]. The joint FAO/wHO 
expert consultation on health and nutritional 
properties of powder milk with live lactic acid 
bacteria recommended that strains should be 
named according to the International code of 
Nomenclature, and deposited in an internation-
ally recognized culture collection. Strain identifi-
cation should be performed by phenotypic tests 
followed by genetic identification with methods 
such as dNA/rNA hybridization and 16srNA 
sequencing. For the latter, the rdP (ribosomal 

Molecular taxonomy

Quantitative MIC determination

MICs ≥ breakpoints MIC > breakpoint

Genetic basis of resistanceAcceptable

Acceptable

NOT acceptable
Generally
acceptable

Demonstration of
intrinsic resistance

Demonstration of
genomic mutation

Acquired

Acquired resistance

Added genes

fIGure 4.1 Scheme for the antimicrobial resistance 
assessment of a bacterial strain. From EFSA 2008 [25].
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data base project) should be used to confirm 
identity [19]. In the case of the community a pre-
requisite for QPS status of a bacteria is the iden-
tity, unambiguously established at the taxonomic 
level claimed [23]. In the future, the sequencing 
of the completed genomes of a bacterium will 
allow the exact identification and classification 
of the bacteria and will also allow discarding of 
potentially harmful genes.

Metabolic activities

Probiotic bacteria could convert food com-
ponents or biological secretions into second-
ary substances potentially harmful to the host. 
The production of amines during digestion of 
food proteins by lactobacilli and bifidobacteria 
has been proposed as a test to assess detrimen-
tal effects of probiotics [32]. Martín et al. [33] 
evaluated the production of biogenic amines by 
incubating six lactobacilli strains, three of which 
were isolated from human milk, in the pres-
ence of aminoacids in decarboxylase broth using 
Bover-cid and Holzapfel’s method [34]. None of 
the lactobacilli tested produced biogenic amines, 
suggesting a low deaminase activity. In previous 
reports, Araya-Kojima et al. [35, 36] demonstrated 
that Bifidobacterium spp. have a lower deaminase 
activity than other bacteria of the intestinal flora.

deconjugation of bile acids to produce second-
ary bile salts is another potentially harmful activity 
of probiotics, since it has been reported that these 
salts may act as promoters of carcinogenesis [37]. 
deconjugation of bile acids can be measured by 
the activity of the enzyme 7-dehydroxylase. 
Takahashi et al. [38] reported the absence of this 
enzymatic activity in different strains of the gen-
era Lactobacillus and Bifidobacterium.

Another in vitro safety test proposed for pro-
biotics is the platelet-aggregating activity, which 
has been related to the progression of infective 
endocarditis [39]. Harty et al. [40] reported that 
five of five strains of L. rhamnosus isolated from 
infective endocarditis showed aggregating activ-
ity, whereas only eight of 16 laboratory strains 
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showed it. In agreement with those results, 
Kirjavainen et al. [41] reported that lactoba-
cilli isolated from aortic infections have higher 
aggregating activity than do strains isolated 
from urinary or respiratory infections.

Production of d()-lactic acid by probiotic bac-
teria, especially strains of the genus Lactobacillus, 
is also a concern in the use of probiotics in chil-
dren, due to d()-lactic acidosis, a pathologic 
condition characterized by neurological altera-
tions. However, in the literature there is no cases 
of d()-lactic acidosis in healthy humans and 
almost all cases are related to short bowel syn-
drome [42, 43]. Although mammal tissues lack 
d-lactate dehydrogenase (dLdH) and thus they 
cannot use this via to metabolise d()-lactic acid, 
it has been reported that this compound is effi-
ciently metabolized by mammals [42, 43], proba-
bly through the d-2-hydroxyacid dehydrogenase. 
In fact, administration of d()-lactic acid-produc-
ing bacteria to human infants has been shown to 
be safe and blood levels of d()-lactic acid in 
those infants remained under normal values [44]. 
In addition, lactobacilli strain producers of d()-
lactic acid, such as L. acidophilus, L. fermentum, 
L. gasseri, L. reuteri or L. plantarum, are normally 
found in the fecal microbiota of healthy children 
and adults. Martín et al. [45] also reported the 
presence of strains of L. fermentum and L. gasseri 
in breast milk from healthy women and thus, it is 
supposed that those strains will be transferred to 
newborns through breast-feeding.

4.2. animal Studies

Although extrapolation of results obtained 
from animal studies to human has limited valid-
ity, toxicity studies in experimental animals are 
generally accepted as a reliable tool to assess 
acute toxicity. However, those experiments are 
normally expensive and time-consuming, which 
makes the in vitro selection process of the probi-
otic strain to be assessed, crucial.

Acute toxicity studies, conducted by the 
same procedures used for testing toxicity of 
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chemicals, have been widely used for the eval-
uation of probiotic safety and tolerance. These 
studies are carried out by oral administration 
of high doses of the probiotic strain to animals, 
usually mice, over a short period of time (usu-
ally 7 or 8 days). An important parameter to be 
assessed in these studies is translocation of the 
probiotic from gut to other tissues, since it is 
considered as a prerequisite for most opportun-
istic pathogens. However, it has been suggested 
that translocation of probiotics to extra-gut tis-
sues, especially to the gut-associated lymphoid 
tissues (GALT), is a normal and beneficial pro-
cess for the immune-modulation activity of 
these bacteria [46]. Zhou et al. [47] assessed the 
acute oral toxicity of three lactobacilli strains 
and found a Ld50 higher than 50 g/kg/day (1011 
cfu/mouse/day) which could be considered as 
700 times the normal amount of probiotic con-
sumed by humans. No bacteremia was detected 
in any of the mice and translocation of bacteria 
to other tissues was not different between pro-
biotic and control mice. It is important to notice 
that the presence of bacteria in liver and spleen 
of healthy mice has been previously reported 
[48]. This result is in agreement with other pre-
viously published articles by Momose et al. 
[49] who reported a Ld50 of 50 g/kg/day for B. 
longum. In a similar study, donohue et al. [50] 
reported a Ld50 of 6 g/kg/day for L. rhamnosus 
GG, which was considered the maximum dose 
that could be technically administered to mice.

In other reports, the administration of high 
doses of probiotics was performed during a 
longer period of time. Thus, daily oral adminis-
tration of L. gasseri cEcT5714 or L. coryniformis 
cEcT5711 was shown to be safe for mice and the 
Ld50 was reported to be higher than 5 g/kg/day,  
which was the maximum dose that could be 
technically administered to mice [51]. Probiotic 
administration did not cause bacteremia and 
did not increase bacterial translocation to liver 
or spleen. In addition, no signs of infection were 
detected in probiotic treated mice. In a similar 
report, Ld50 for oral administration of L. salivarius 
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cEcT5713 was higher than 5 g/kg/day and 
it was also demonstrated that intraperitoneal 
administration of this strain at a single dose of 
50 mg/kg/day was safe and did not produce  
detrimental effects on mice [52].

Since immune compromise seems to be a risk 
factor for probiotic infection, animal models of 
immune deficiency have also been used to assess 
safety of different probiotic strains. wagner et al. 
[53] colonized athymic mice with human isolates 
of L. reuteri, L. acidophilus, B. animalis or LGG. 
There were no adverse effects in adult mice but 
colonization with LGG or L. reuteri did lead to 
deaths in some athymic neonatal mice, thus sug-
gesting that the immune compromise may put 
neonates at particular risk of probiotic infection.

An association of probiotics to germ-free ani-
mals has also been used as a criterion for safety. 
As an example, administration of B. longum to 
germ-free mice led to colonization of intesti-
nal tract with this strain and translocation of  
B. longum to mesenteric lymph nodes, liver and 
kidney. However, the translocated bacteria did not 
cause either infection or any harmful effects [54].

4.3. Human clinical Studies

An increasing interest in the manipulation of 
gut microbiota with probiotics has led to a large 
number of clinical trials or studies in human 
volunteers over the last two decades. Most of 
these were designed to analyze functional effects 
of a probiotic strain or food containing probiot-
ics, but safety aspects were also implicit.

The use of probiotics in adults has been 
widely documented and most of the studies 
report that the incidence of adverse effects is no 
different between probiotic and placebo groups. 
In 2006 Olivares et al. [55] reported that oral con-
sumption of a dairy product containing L. coryni-
formis cEcT5711 (2  109 cfu/day) and L. gasseri 
cEcT5714 (2  109 cfu/day) for 28 days was well 
tolerated by healthy adults and did not cause any 
adverse effects. This probiotic product enhanced 
the intestinal function of volunteers [55] and 
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did cause an increment in several immunologi-
cal parameters, such as the percentage of natural 
killer cells and plasmatic concentration of IgA [3]. 
In another trial, probiotic capsules containing  
L. fermentum cEcT5716 (1010 cfu/day) consumed 
daily over 28 days were also well tolerated by 
healthy adults and enhanced the response to 
influenza vaccination [56].

The use of probiotics in children has been more 
controversial, especially in newborns. There are 
enough data to support the safety of probiotics 
in healthy children aged 6 months and older, and 
expert nutrition committees, such as the one from 
ESPGHAN [17], have found few concerns in the use 
of probiotics in follow-on formula (designed to feed 
children older than 5 months). data from the use of 
probiotics in younger children are scarcer. However, 
acquisition of these data would be highly desirable, 
given the suggestion that bacteria ingested during 
early life are more likely to permanently colonize 
the intestine [57]. Finding of lactic acid bacteria in 
breast milk [17] could support, at least in part, the 
use of probiotics in dietetic products for newborns. 
In 2008, a breast milk strain, L. fermentum cEcT5716 
was reported to be safe in 6-month-old children 
[58]. chouraqui et al. [59] assessed the safety of 
different probiotic strains in children of 2 weeks 
of age. consumption of infant formulas contain-
ing B. longum, L. rhamnosus or L. paracasei did not 
cause any adverse effect and the growth ratio was 
no different between placebo and probiotic groups. 
It should also be noticed that different strains of 
probiotics have been reported to be safe in preterm 
infants (a specific at-risk population), with some 
evidence of health-promoting effects [13].

5. coNcluSIoN

Although the use of probiotics is generally 
recognized as safe in otherwise healthy persons, 
in the clinical evaluation of probiotic products, 
apart from functional effects, safety aspects 
should also be addressed. Especially in at-risk 
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populations, safety of probiotics should be ana-
lyzed on a strain-by-strain basis, taking into 
account that the dose and effect of one strain in 
a particular clinical condition cannot be extrap-
olated either to other strains or to other clinical 
conditions. clarification of the legislative frame-
work would be highly recommended to better 
elucidate the steps to be followed to state safety 
of a probiotic strain before being marketed.
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C H A P T E R
1. InTRoduCTIon

Infectious diseases still remain the most severe 
problem for humans to solve in the twenty-first 
century. Intestinal infectious diseases caused 
by pathogenic microorganisms including 
Shigella, Vibrio cholera, pathogenic Escherichia coli, 
Campylobacter, and rotavirus are the main causes 
of death in developing countries, where more 
than one billion diarrhea episodes occur every 
year among children younger than 5 years [1, 2]. 
Even in a developed country like the USA, 21–37 
million cases of diarrhea occurred annually in 
a population of 16.5 million children [3], and 
Salmonella, Campylobacter, and enterohemorrhagic 
E. coli O157 have been problematic as etiologic 
bacteria of foodborne infection [4]. Moreover, 
overuse of antibiotics has allowed the spread of 
nosocomial infections with antibiotic-resistant 
bacteria, particularly multidrug-resistant bacte-
ria, as adverse effects. Under these circumstances, 
some useful bacteria contained in yogurt, lacto-
bacillary beverages, and other fermented foods 
have been medically recognized as probiotics 
[5, 6]. Probiotics have been identified mainly by 
59ive Foods in Promoting Health: Probiotics and Prebiotics 
experience of their ingestion as foods, but studies 
to evaluate the usefulness of probiotics based on 
medical criteria are underway, and many reviews 
of these studies have been published [7–11].

Since the concept of EBM (evidence-based 
medicine) was introduced in the medical field, 
the evidence-based evaluation of therapeu-
tic methods has become the mainstream. The 
accumulation of clinical data to demonstrate 
the usefulness for disease control may also be 
important for probiotic bacterial strains. In this 
report, studies of the prevention of infections by 
probiotics in acute diarrhea, neonates and chil-
dren, digestive organ surgery, and other fields 
are reviewed. Important points to increase the 
usefulness of probiotics are also discussed.

2. ACuTe dIARRheA

2.1. effect on Acute Infectious diarrhea 
(Rotaviral diarrhea)

Rotaviral diarrhea occurs mainly in infants 
aged 6 months to 2 years. Vomiting and  
© 2010, Elsevier Inc. All rights reserved.
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subsequent rapid watery diarrhea continue for 
a short period. For treatment, fluid replacement 
for dehydration and nutritional management 
are performed. Effects of various probiotics on 
rotaviral diarrhea have been investigated by 
double blind placebo-controlled randomized 
studies [12–16]. There have been several reports 
concerning the preventive effects of Lactobacillus 
strains on acute watery diarrhea in children. 
For example, in a multicenter study performed 
in Europe [14], 291 neonatal patients aged 
1–3 months admitted for diarrhea were rand-
omly divided into two groups, and 1010 cfu of  
L. rhamnosus GG strain or placebo was adminis-
tered after treatment of dehydration 4–6 hours 
after admission. The duration of diarrhea was 
significantly shortened in the L. rhamnosus GG 
group, compared to the placebo group. In a 
double blind placebo-controlled randomized 
study performed in patients aged 6–36 months 
(75% were infected with rotavirus), ingestion 
of L. reuteri Sd 2222 strain (1010–1011 cfu) for 5 
days shortened the duration of watery diarrhea, 
compared to the placebo group [13]. In a rand-
omized control trial (RcT) examining the effect 
of freeze-dried mixture of three L. rhamnosus 
strains (573L/1, 573L/2, and 573L/3) in a total 
dose of 1010 cfu showed that the L. rhamnosus  
strains shortened the duration of rotaviral 
diarrhea in hospitalized children in Poland [12]. 
There have also been several reports on the dif-
ferent probiotics such as Bifidobacterium and 
mixtures of several probiotic strains. In a study 
performed in Thailand, 175 nursery school chil-
dren aged 6–36 months were divided into three 
test groups: the first group received powdered 
milk: the second group was given Bifidobacterium 
Bb12-supplemented powdered milk, and the 
third group was given Bifidobacterium Bb12- and 
Streptococcus thermophilus-supplemented powde-
red milk. The anti-rotavirus IgA antibody titer 
in saliva was measured as an index of rotaviral 
infection [15]. The antibody titer increased four 
times or more during the 8-month study period 
in 30.4% of the subjects in the control group that 
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ingested powdered milk alone, but no increase 
in the antibody titer was noted in most subjects 
in the group that ingested Bifidobacterium Bb12 
and the group that ingested Bifidobacterium 
Bb12 and S. thermophilus. One report of the RcT 
concerning the use of probiotics mixture VSL#3 
(a mixture of four strains of lactobacilli: L. aci
dophilus, L. paracasei, L. bulgaricus, L. plantarum, 
three strains of bifidobacteria: B. breve, B. infan
tis, B. longum, one strain of S. thermophilus, 
including a total of 90 billion bacteria) showed 
that VSL#3 was effective in earlier recovery and 
reduced frequency of ORS administration [16]. 
However, there have been a couple of reports 
showing that LGG was not effective in the treat-
ment of acute watery diarrhea [17, 18]. There 
has been a report of the meta-analysis of the 
effect of probiotics on acute infectious diarrhea 
which reviewed nine reports of the RcT includ-
ing some of the above reports [19]. It concluded 
that Lactobacillus is effective as a treatment of 
acute infectious diarrhea. It should be noted 
that there was a significant positive linear asso-
ciation between the dose of Lactobacillus and the 
reduction of the duration of diarrhea.

On the other hand, preventive administration 
of probiotics for rotaviral infectious disease has 
been investigated. In a double blind placebo- 
controlled randomized study performed in 
220 inpatients aged 1–18 months, the incidence  
of rotaviral infection was significantly lower in 
patients fed maternal milk than in patients fed 
artificial milk, but daily preventive administra-
tion of 1010 cfu L. rhamnosus GG during hospital 
stays did not decrease the incidence, compared 
to placebo administration [20]. Similarly, pre-
ventive administration of Lactobacillus GG 
reduced diarrheal symptoms, but no obvious 
prevention of rotaviral infection was noted in 
other studies [21].

2.2. Antibiotic-induced diarrhea

Antibiotics cause diarrhea due to an imbal-
ance of intestinal bacterial flora in 20% of patients 
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treated. In double blind placebo-controlled rand-
omized studies, probiotics such as Saccharomyces 
boulardii [22, 23], Lactobacillus rhamnosus GG strain 
[24], Bifidobacterium longum [25], and Enterococcus 
faecium SF 68 strain [26] significantly decreased 
the incidence of diarrhea in healthy subjects and 
patients treated with antibiotics. diarrhea induced 
by antibiotics such as clindamycin, cephalosporin, 
and penicillin, due to proliferation of Clostridium 
difficile in the intestine is well-known. The above 
antibiotics disturb endogenous intestinal bacterial 
flora, and allow abnormal proliferation of endog-
enous C. difficile, which normally exists in the 
intestine at a low level. diarrhea may aggravate 
pseudomembranous enteritis, and the recurrence 
rate after discontinuation of eradication treatment 
is high. For these problems, the preventive effect 
of probiotics on recurrence of C. difficile infec- 
tion has been investigated. when Saccharomyces 
boulardii was concomitantly administered (1 g daily 
for 28 days) with vancomycin for eradication,  
recurrence was significantly prevented, compared 
to the placebo group (S. boulardii group: 16.7%, 
placebo group: 50%, p  0.05) [23]. digestion of 
toxin A or B of C. difficile, which are important for 
the pathogenicity of C. difficile, and receptors of 
these toxins on intestinal mucoepithelium by pro-
teolytic enzyme produced by S. boulardii is con-
sidered to be the infection-preventive mechanism 
of S. boulardii [23]. Meta-analysis of the effects 
of probiotics on antibiotic-induced diarrhea in 
nine double blind placebo-controlled studies 
has been performed, and the results clarified the 
significance of the actions of probiotics such as  
S. boulardii and Lactobacillus [27].

Other meta-analyses of RcTs concluded that 
probiotics reduce the risk of antibiotic-associated  
diarrhea (AAd) in pediatric inpatients [28, 29]. 
However, effects of probiotics for AAd in the 
adults or elderly patients have not been conclusive. 
One RcT on 135 inpatients in the UK showed that 
consumption of a probiotic drink including L. casei, 
L. bulgaricus, and S. thermophilus reduced the inci-
dence of AAd and Clostridium difficile-associated  
diarrhea (cdAd) [30]. However, L. rhamnosus GG 
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capsules had no preventive effect on AAd in US 
adult inpatients [31]. Moreover, bio yogurt includ-
ing L. acidophilus, L. delbrueckii, Bifidobacterium ani
malis, and S. thermophilus had no significant effect 
on AAd in a placebo-controlled RcT with adult 
inpatients (n  131) when compared with either 
commercial yogurt (n  118) or non-treated con-
trol (n  120) [32].

2.3. Traveler’s diarrhea

Traveler’s diarrhea (three times or more a 
day) occurs in residents of developed countries 
after traveling to subtropical and tropical zones  
[33]. There have been two reports of the meta-
analysis for the prevention of traveler’s diarrhea 
by probiotics [34, 35]: McFarland reviewed 12 
trials and concluded that several probiotics  
(mainly S. boulardii and a mixture of L. acido
philus and B. bifidum) had significant efficacy 
[34], while Takahashi et al. concluded that pro-
biotics were not effective in Td by reviewing 
five RcTs [35]. The main reason for the differ-
ence may be the kinds of the probiotics used in 
the trials, because the former analysis included 
many effective trials of S. boulardii while the lat-
ter included only one for S. boulardii out of five 
trials. There are some factors such as trip desti-
nations, probiotic potency during travel, medi-
cation compliance that affect the results.

3. effeCTs of pRobIoTICs In 
neonATes And ChIldRen

3.1. effects on necrotizing enterocolitis 
and Related diseases

necrotizing enterocolitis has been reported 
to occur in 10–25% of premature babies (weigh-
ing less than 1500 g) in intensive care units, or 
one-third to a half of neonates with extremely 
low birth weight [3], and surgery is necessary 
for most cases. The mortality is high (20–30%), 
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and sequelae such as short-bowel syndrome and 
intestinal obstruction occur in about a quarter 
of the cases. In patients with necrotizing entero-
colitis, abnormal intestinal bacterial flora with 
increased Enterococcus, E. coli, Staphylococcus, 
and Clostridium perfringens is suggested to cause 
aggravation of the symptoms. A decrease in the 
incidence of necrotizing enterocolitis by intestinal 
colonization by Bifidobacterium and Lactobacillus 
has been reported [36]. In a study performed 
in colombia, 2.5  108 cfu L. acidophilus and  
B. infantis were administered to 1,237 neonates, 
and the incidence of necrotizing enterocolitis 
decreased by 60% compared to the incidence in 
1,282 non-treated inpatients in the previous year 
[37]. In a study performed in neonates born with 
less than 1500 g birth weight before 32 weeks of 
gestation, powdered milk supplemented with 
6  109 cfu L. rhamnosus GG was administered 
daily until discharge [38]. The incidence of 
necrotizing enterocolitis was slightly decreased, 
compared to the placebo group, but the differ-
ence was not significant. In one study in 1991 
of the effect of Lactobacillus GG, viable cells of 
Lactobacillus GG strain were detected in feces of 
the patients, but no significant effect was noted 
[39]. Since then, several RcTs have been con-
ducted. For example, Lin et al. have reported 
the results of the RcT with 367 infants: both  
L. acidophilus and B. infantis with breast milk 
were fed until discharge [40]. The incidence of 
death or nEc (stage 2) was significantly lower 
when compared with the control group that  
had received breast milk alone. A report of  
meta-analysis of seven RcTs including the above 
information concluded that probiotics might 
reduce the risk of nEc in preterm neonates with 
less than 33 weeks’ gestation but that the short- 
and long-term safety should be assessed in large 
trials [41]. Moreover, it suggested that more 
information on the dose, duration, and type of 
probiotic agents would be useful for more con-
cise estimation of probiotics on nEc [41].

In Japan, Kitajima et al. [42] administered  
live B. breve strain Yakult (about 5  108 cfu/d, 
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4 weeks) to neonates with extremely low birth 
weight, and found the following: i) adminis-
tered Bifidobacterium colonized in the intestine 
at a high level in a high ratio of the neonates; 
ii) abnormal proliferation of single intestinal 
bacteria such as Enterococcus was inhibited; 
and iii) intestinal gas production was inhib-
ited. As for clinical symptoms, improvement  
of body weight gain, a decrease in the amount 
of gastric gas aspirated, and an increase in  
calorie intake were noted in the group colo-
nized with Bifidobacterium. Kanamori et al. 
[43–45] reported aggravation of intestinal  
bacterial flora in various diseases (short 
bowel syndrome, Hirschsprung disease, and  
laryngotracheoesophageal schistasis) in con-
sideration that aggravation of intestinal micro-
flora caused not only by organic disorder  
of the digestive organs but also repeated use of 
antibiotics is an important issue to investigate 
in patients who have serious disorders in the 
pediatric surgery field immediately after birth. 
In these patients, useful anaerobes represented 
by Bifidobacterium decrease and facultative 
anaerobes such as E. coli markedly increase, and 
the detection rate of Pseudomonas aeruginosa, 
Candida, and MRSA is also high. Furthermore, 
the synbiotics (probiotics  prebiotics) ther-
apy consisting of L. casei strain Shirota, B. breve 
strain Yakult, and galacto-oligosaccharide 
(enteral or intragastric administration) has been 
reported to improve intestinal microflora and 
intestinal function (peristalsis and absorption 
of na salt) with marked improvement of sys-
temic symptoms.

4. pRevenTIon of InfeCTIous 
CoMplICATIons In The  

fIeld of dIgesTIve oRgAn 
suRgeRY

Prevention of infectious complications after 
surgery for digestive organs is a major clinical 
 And OVERVIEw



634. PREvEnTIOn Of InfECTIOus COmPlICATIOns In THE fIEld Of dIgEsTIvE ORgAn suRgERy
task of this field. considering that postoperative 
administration of antibiotics at a high dose for a 
long period promotes bacteremia with low sen-
sitivity to antibiotics, such as MRSA, the basic 
attitude in digestive organ surgery is to refrain 
from the use of antibiotics. Probiotics and prebi-
otics have been introduced to prevent post-
operative infectious complications. Rayes et al. 
performed a placebo-controlled randomized 
study in 95 patients with liver transplantation 
[46]. The patients were divided into the follow-
ing three groups: i) the first group was treated 
with standard selective eradication of intestinal 
bacteria  postoperative early enteral nutrition;  
ii) the second group was treated with standard  
selective eradication of intestinal bacteria   
postoperative early enteral nutrition (soluble  
and insoluble fiber and 109 cfu live L. planta
rum 299 strain were supplemented); and iii) the  
third group was treated the same as for the 
second group, except that the same amount of 
heat-inactivated L. plantarum 299 were added 
instead of live bacteria. The incidence of post-
operative infectious disease was 48% in the first 
group (early enteral nutrition control group), 
but the incidence was significantly decreased 
in the second group (13%). However, no sig-
nificant decrease was noted in the third group, 
compared to the control group. The authors 
paid attention to recovery of immunity after 
surgery, and found that postoperative recovery  
of the cd4/cd8 ratio in peripheral blood was 
better in the second group than in the first 
group. Effects of enteral administrations of live 
and heat-inactivated L. plantarum 299 (supple-
mented with oat fiber) on development of sepsis 
after surgery in the abdominal cavity (hepatec-
tomy, pancreatectomy, gastrectomy, resection of 
the large intestine, and intestinal bypass) have 
been compared [47]. This treatment significantly 
decreased the incidence of sepsis compared to 
standard enteral nutrition, and was particularly 
effective for gastrectomy and pancreatectomy.

Kanazawa et al. added probiotics (L. casei 
strain Shirota, B. breve strain Yakult, 5  109 
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cfu/g  3 g each) and prebiotics (galacto- 
oligosaccharide 6.6 g/d) to postoperative 
enteral nutrition for patients with infectious 
complications such as wound infection, peri-
toneal abscess, and sepsis that occur at a high 
incidence after hepatectomy and extrahepatic 
bile duct resection and reconstruction of the 
biliary tract in patients with highly invasive 
biliary tract cancer, and investigated the protec-
tion from infections [48]. The above synbiotics 
therapy markedly improved intestinal micro-
flora in the patients after surgery for bile duct 
cancer, and significantly decreased the inci-
dence of infectious complications. Furthermore, 
patients’ quality of life was also improved, with 
a shortening of the duration of postoperative 
hospital stay and the antibiotics administration 
period. The intestinal organic acid concentra-
tion also improved to the normal level, sug-
gesting that the synbiotics therapy inhibited 
postoperative proliferation of intestinal etiologic  
bacteria of opportunistic infections, such as 
Candida, Pseudomonas aeruginosa, and E. coli, and  
their invasion into the body, by improving 
the intestinal environment. considering that 
the preoperative oral ingestion of synbiotics,  
in addition to postoperative synbiotic therapy, 
may effectively prevent infections, a rand-
omized controlled study was performed with 
a preoperative and postoperative synbiotic 
ingestion group and control group with the 
postoperative ingestion of synbiotic alone 
(synbiotic group: 41 patients, control group: 40 
patients) [49]. L. casei strain Shirota-fermented 
drink (containing 40 billion or more live bacte-
ria of L. casei strain Shirota) and B. breve strain 
Yakult-fermented drink (containing 10 billion 
or more live bacteria of B. breve strain Yakult) 
were selected for postoperative synbiotics, and 
55% of galacto-oligosaccharides solution as 
a prebiotic. Preoperative synbiotic ingestion 
for 2 weeks (one each bottle of probiotics per 
day and 15 g of galacto-oligosaccharides solu-
tion per day) significantly elevated the periph-
eral blood nK activity and total number of  
 And OVERVIEw



5. PREvEnTIOn Of InfECTIOns by PRObIOTICs64
lymphocytes in patients prior to surgery. 
Surgical stress-induced inflammatory symp-
toms (elevation of peripheral blood IL-6 and 
cRP levels) were also significantly reduced 
in pre- and postoperative synbiotic treatment 
groups, compared to the group with postop-
erative synbiotic treatment alone. Furthermore, 
the improvement of intestinal flora and con-
ditions by postoperative synbiotics increased 
significantly when additionally administered 
synbiotic before surgery. with these findings, 
the incidence of postoperative infectious com-
plications was decreased to 12.1%, and total 
duration of hospitalization and number of days 
with antibiotics treatment were also reduced, 
suggesting that synbiotic therapy improves the 
intestinal bacterial flora and prevents infectious 
complications in severe pathological conditions 
such as surgical stress.

For emergency treatment, the control of 
marked systemic inflammatory reactions in 
response to severe injuries and burns is impor-
tant. A new concept of inflammatory reaction, 
systemic inflammatory response syndrome 
(SIRS), has been proposed by a joint meeting of 
the American college of chest Physicians and 
Society of critical care Medicine [50]. It attempts 
to comprehensively define the conditions of 
patients described above. SIRS represents sys-
temic inflammatory reactions to stresses, and is 
defined as conditions showing abnormalities in 
two or more of the following four body systems: 
body temperature, heart rate, respiratory rate, 
and white blood cell count. Infection-associated 
SIRS is defined as sepsis. Sepsis accompanied 
by organ disorder and abnormal perfusion in 
an organ is defined as severe sepsis, and severe 
sepsis complicated by severe hypotension, is 
defined as septic shock. control of these SIRS 
symptoms is of major concern in emergency 
treatment. Shimizu et al. have investigated 
fecal microflora in SIRS patients considering 
disturbance of intestinal flora accompanied by 
infection of intestinal bacteria (called bacterial  
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translocation; BT) and found that intestinal 
microflora markedly disturbed in SIRS patients 
(25 cases, compared to healthy adults) [51].  
In particular, the numbers of Bifidobacterium 
and Lactobacillus were 1/100 to 1/1000 of those 
in healthy adults, while Staphylococcus, which 
may cause BT, was increased. Moreover, aggra-
vation of intestinal environment reflecting  
the above abnormality of intestinal flora resulted 
in reduction of intestinal organic acid levels  
and elevation of intestinal pH. when they 
administered an enteral BL seichoyaku prepa-
ration containing the L. casei strain Shirota, 
B. breve strain Yakult and Oligomate HP 
(galacto-oligosaccharides solution) to control 
intestinal function to SIRS patients, intestinal 
Bifidobacterium and Lactobacillus increased mark-
edly, and abnormally low intestinal organic 
acid level also increased by synbiotics [52]. The 
incidences of systemic infectious diseases, such 
as enteritis, pneumonia, and sepsis, were also 
lower than the group without synbiotic treat-
ment. The condition of patients admitted to  
the emergency care unit needs immediate  
treatment/improvement, but improvement has 
been observed by synbiotic therapy [52].

Bacterial translocation (BT) is defined as the 
passage of viable enteric bacteria from the intes-
tinal lumen through the epithelial mucosa into 
the lamina propria and then into mesenteric 
lymph nodes (MLns) and possibly other organs 
[53, 54]. Factors considered to induce BT are as 
follows: i) abnormal proliferation of bacteria in 
the intestine; ii) impairment of barrier function 
of the intestinal wall; and iii) failure of the bio-
logical defense system against invasive bacte-
ria. Probiotics and prebiotics, as well as organic 
acids produced by their administration, may 
improve host resistance to some of the above 
three factors of BT in postoperative infectious 
diseases of digestive organs. As suggested by 
the above examples, improvement of intesti-
nal bacterial flora by improvement of intestinal 
environment is particularly important.
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5. oTheRs

5.1. Helicobacter pylori-induced 
Infectious disease

Helicobacter pylori are microaerophilic Gram-
negative rods, are considered to cause gastritis 
and peptic ulcer and suggested to be a risk factor 
of gastric cancer. Since various lactic acid bacte-
rial strains and Bifidobacterium strains prevented 
infection in experimental animal models, and 
inhibited proliferation and urease activity of H. 
pylori in vitro [55–58], inhibition of H. pylori infec-
tion and its recurrence has been investigated 
in humans [59–62]. For example, 120  H. pylori- 
positive patients were divided into three groups, 
and received the following treatments: i) eradi-
cation of the bacteria with three drugs (rabepra-
zole, calrithromycin, and amoxicillin) for 7 days 
(eradication control group); ii) eradication  live 
L. acidophilus (live bacteria treatment group);  
or (iii) eradication  killed L. acidophilus (killed 
bacteria treatment group) [59]. Helicobacter pylori 
was eradicated in 72% of the patients in the eradi-
cation control group, and the eradication rates 
were increased to 88 and 87% in the live and killed 
bacteria treatment groups, respectively (p  0.03 
and p  0.02, respectively), showing a significant 
eradication-promoting effect. Host immune sys-
tem and inhibition of adsorption to glycolipid 
receptors are considered to be involved in the 
mechanism for the effect of killed bacteria, though 
not clarified. In another study, 53  H. pylori-posi-
tive patients were divided into two groups, and 
fermented milk containing L. johnsonii La1 strain 
was administered twice a day for 2 weeks to one 
group, and placebo was administered to the other 
group with the same schedule [60]. On endos-
copy and biopsy of gastric mucosa, the density 
of H. pylori at the antrum and corpus of the stom-
ach was significantly decreased in the L. johnsonii 
treatment group. There is no clear description 
with regard to improvement of clinical symptoms 
in this report. More clear evidence was shown 
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in the report by Sýkora et al., which showed 
the marked increase in the eradication rate by 
supplementation of L. casei dn-114-fermented  
milk product to the triple treatement with ome-
prazole, amoxicillin, and clarithromycin in a 
double blind controlled study with 86  H. pylori-
positive children [63]. Probiotics were used 
for the eradication of residual H. pylori after 
failed triple therapy [64]: 138 patients to whom  
1-week triple therapy (amoxillin, clarithromycin, 
and omeprazole) had failed were enrolled. One 
group received a 4-week pretreatment with L. aci
dophilus La5- and B. lactis Bb12, L. bulgaricus, and  
S. thermophilus-containing yogurt with the sub-
sequent regimen of a 1-week quadruple therapy 
(amoxicillin, metronidazole, omeprazole, and 
bismuth subcitrate). The eradication rate in the 
group estimated by the excessive 13cO2/mL 
values of the 13c-urea beath test were signifi-
cantly higher than the quadruple therapy-only 
control [64]. In Japan, when H. pylori-positive  
healthy subjects ingested yogurt containing  
L. gasseri OLL2716 (109 cfu/day bacterial count, 
8 weeks), the 13c value was decreased in an 
urea breath test, and the serum pepsinogen  
I/II ratio was increased, compared to that before 
ingestion [62]. The effect of B. bifidum BF-1- and  
S. thermophilus YIT 2021-fermented milk was 
examined in an RcT with 79 adult volunteers 
who fulfilled the eligibility criteria: men and 
women concerned about their own stomach 
health, those with a UBT value at 5% and over, 
or those judged as positive in the PG test [65]. 
There was a significant difference (UBT) of the 
UBT value from the baseline value at 8 weeks of 
ingestion between the H. pylori-positive subjects 
in the probiotics and placebo groups. The PG I 
levels in the probiotics group was also lower than 
the placebo group at the 12-week ingestion period 
[65]. The boom of yogurt sales in Japan may have 
been due to the study results of H. pylori eradi-
cation by probiotics. However, to increase the 
reliability of the effect, confirmation by a large-
scale placebo-controlled randomized study and 
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detailed elucidation of the action mechanism are 
necessary.

5.2. prevention of Infections in the 
urogenital fields

The importance of maintenance of the healthy 
condition of intravaginal bacterial flora has 
been recognized in the gynecology field [7, 66]. 
From the viewpoint that maintenance of the 
dominant bacteria in normal vaginal microflora, 
Lactobacillus, at a high level is important for nor-
mal delivery and prevention of bacterial vagino-
sis, studies of introduction of probiotics into the 
vagina have been performed [67–71]. Most of the 
studies were performed by Reid’s group [68–71]. 
They selected Lactobacillus strains based on adhe-
siveness to epithelial cells and hydrogen perox-
ide production [72, 73], and performed clinical 
studies. For example, in a study performed on 49 
patients, introduction of L. rhamnosus GR-1 into 
the vagina inhibited urinary tract infection in 
73% of the patients [68]. weekly administration of 
109 cfu L. rhamnosus GR-1 and L. fermentum B-54 
as a vaginal suppository for 1 year significantly 
decreased the incidence of urinary tract infection, 
compared to the incidence in the previous year 
in the same subjects [69]. For the mechanism of 
prevention of infections, improvement of aggra-
vation of vaginal bacterial flora consisting of 
more than 50 species (decrease of the dominant 
bacteria, endogenous Lactobacillus, abnormal pro-
liferation of endogenous Gardnerella, Bacteroides, 
Peptostreptococcus, and Prevotella, and exogenous 
E. coli infection) is considered important. There 
has been a RcT concerning the supplementary 
use of lactobacilli with antibiotic therapy for BV 
[74]. Supplementary treatment with two differ-
ent Lactobacillus strains (L. gasseri Lbp EB01-dSM 
14869 and L. rhamnosus Lbp PB01-dSM 14870) 
does not improve the efficacy of BV therapy with 
clindamycin during the first month of treatment, 
but for women initially cured, adjunct treatment 
with lactobacilli during three menstrual cycles 
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significantly lengthens the time to relapse in the 
probiotic-treated group [74]. It has been shown 
in an animal study that activation of local immu-
nity by L. casei strain Shirota played an impor-
tant role in its urinary tract infection-preventing 
effect [75]. In contrast, there have only been a few 
studies of oral application. It has been reported 
that when 109–1010 cfu L. rhamnosus GR-1 and  
L. fermentum Rc-14 were orally administered, 
these probiotics transferred from the rectum to the 
vagina, and harmful bacteria in the vagina, E. coli 
and fungi, decreased [76]. In 2006, an RcT was 
conducted to examine oral lactobacilli on bacte-
rial vaginosis in combination with antimicrobial 
metronidazole therapy [71]. The 125 premeno-
pausal women diagnosed with BV were treated 
with oral metronidazole twice daily for 7 days, 
and randomized to receive oral L. reuteri Rc-14 
or placebo twice daily for 30 days. Eighty-eight  
percent of the patients in the antibiotic/ 
probiotic group were cured, while only 40% 
in the antibiotic/placebo group were cured. 
However, further clinical studies are necessary 
for more precise evaluation of the urogenital 
infection preventive effect of oral probiotics.

Bacterial vaginosis associated with disrup-
tion of vaginal microflora has been suggested to 
allow invasion of various pathogenic microor-
ganisms of sexually transmitted diseases (STd) 
[77, 78]. Attempts to normalize vaginal bacterial 
flora by probiotics to inhibit the spread of STds 
such as AIdS are a future task [79].

6. pRospeCTs foR fuRTheR 
ReseARCh

The procedure, quality (bacterial strains), and 
safety of clinical studies necessary for assessment 
of health claims of probiotics were presented in 
the working standard for development of probi-
otics presented in the expert committee of FAO/
wHO in 2002 [6, 80]. Finally, the future of probi-
otics for prevention of infection is discussed.
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6.1. extension of Clinical study

The first problem to be solved in the applica-
tion of probiotics is insufficiency of medically 
reliable data, as described above. Ideally, many 
clinical studies that can be judged by medical 
criteria should be conducted. For the future of 
probiotics as foods, development in the direc-
tion of evidence-based probiotics is important,  
as evidence-based medicine is proposed in the 
medical field. In Japan, a system of foods specified 
for health use was introduced in 1991. Although 
preventive effects of probiotics against infectious 
diseases do not fall under the category of foods 
specified for health use, major indications may 
include cold, for instance, in addition to various 
infectious diseases described above [81].

6.2. Action Mechanism

The concepts of probiotics, prebiotics, and 
a combination of these, synbiotics, is still quite 
novel. The most common definition of probi-
otics in the last 10 years was ‘microorganisms 
that provide benefits to the host by improv-
ing balance of intestinal bacterial flora’ [5]. The 
FAO/wHO expert committee has proposed a 
definition, ‘microorganisms that exhibit benefi-
cial effects on host’s health when ingested in a 
sufficient amount’ [6]. This may be based on the 
clarification that the mechanism of probiotics is 
not necessarily limited to actions among intes-
tinal microflora, and immunoregulatory action 
on hosts is also included. From the viewpoint 
of prevention of infections, basic studies focus-
ing on the following three points may be use-
ful: i) improvement of intestinal environment 
(bacterial flora, pH, and organic acid concentra-
tion); ii) activation of host defense system; and  
iii) elucidation of factors determining strain spe-
cificity of the effect. Regarding the first point, 
intestinal environment, a search for the coloni-
zation resistance system possessed by endog-
enous bacterial flora with regard to quorum 
sensing may be one approach. For the second 
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point, close investigation of the interactions 
between intestinal microorganisms and intesti-
nal mucoepithelial cells may clarify how intesti-
nal bacterial flora is involved in various immune 
and allergic diseases. For the third point, inves-
tigation of strain-specific bacterial cell structures 
may be important because strain-specific meta-
bolic systems have been elucidated with regard 
to the signal transduction systems in bacterial 
cells for elucidation of bacterial factors, and 
immunoregulatory function has been shown to 
be exerted by killed probiotic cells.

6.3. safety

Probiotics have been incorporated into eat-
ing habits and are considered generally recog-
nized as safe (GRAS). As described above, some 
strains do not develop serious adverse events 
even if administered at a 109–1010 level to low-
birthweight-born neonates, who appear to be 
immunologically weak, and patients after highly 
invasive surgery for digestive organs. However, 
problems have been suggested for certain bac-
terial species and strains [82–87]. The most com-
mon reports are isolation of bacteria from the 
inflammatory region of bacterial endocarditis 
[82–84]. However, the isolation frequencies of 
these bacteria are far lower than those of the 
major Enterococcus and Staphylococcus species. 
Probiotic strains have been isolated in severely 
immunocompromised patients such as those 
underlying diabetes [85]. However, it should be 
carefully considered, at least by a strain-specific 
manner. For example, a prospective, descrip-
tive pilot study on 28 critically ill children was 
conducted in the UK for evaluation of safety of 
probiotic L. casei strain Shirota [88]. The authors 
concluded that the use of LcS as a probiotic in 
enterally fed cIc is safe [88]. On the other hand, 
there has been a clinical report describing an 
adverse event in an RcT of a probiotics mixture, 
Ecologic 641 (L. acidophilus, L. casei, L. salivarius, 
Lactococcus lactis, B. bifidum, and B. lactis) on 
the patients with severe acute pancreatitis [89]; 
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although there was no significant difference in 
the incidence of infectious complications as the 
main endpoint of the study between the probi-
otics group and the placebo group, the probiotic 
treatment was associated with an increased risk 
of mortality. However, there have been several 
counter-arguments both on the appropriateness 
of the implementation of the study and interpre-
tation of the results [90]. The important issue is 
the variation of safety among bacterial strains in 
the prospective effects of probiotics. Therefore, 
it is necessary to establish safety criteria.

7. ConClusIon

The importance of nutritional management is 
advocated in the field of clinical medicine. Since 
many probiotics are applied as foods, establish-
ment of standards for expression of their function 
in foods may also be important. From the view-
point that nutritional management of patients 
has a significant influence on recovery from 
diseases and on prognosis, formation of a nutri-
tion support team (nST) by hospital staff such 
as physicians, nurses, pharmacists, and admin-
istrative dietitians for nutritional management 
of patients from a comprehensive viewpoint has 
been introduced. It is expected that application of 
probiotics will spread widely as a part of nutri-
tional management of patients in all fields.
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C H A P T E R
1. ProbIoTICS: Where dId  
They CoMe FroM?

Humans have been in contact with bacteria 
whose properties fulfil the requisites that qual-
ify them as probiotics for thousands of years. 
Under the poor conditions of hygiene prevail-
ing during most of human history, the passage 
of these bacteria from one individual to another 
was facilitated. It is now known, that moth-
ers transfer some of their microbiota to their 
offspring during breast-feeding and that the 
environment is another source of colonizers for 
the newborn, including the transfer of probiot-
ics. Indeed, most probiotics currently studied 
are of human origin and have been isolated  
from feces.

Ilya Metchnikoff, a Russian biologist who 
worked at the Institut Pasteur, became interested 
in the aging process and the prolongation of life, 
and originated the concept that beneficial bacteria 
may be present in food and come to inhabit the 
colon. He studied a unique group of Bulgarians 
who lived much longer than the average 
73ive Foods in Promoting Health: Probiotics and Prebiotics 
European population and whose diet was char-
acterized by the consumption of large amounts 
of a yogurt from which he isolated a Lactobacillus. 
He attributed a large part of the beneficial influ-
ence on health and aging to this microorganism. 
According to his hypothesis, this microorganism 
had the capacity to neutralize the amines, ammo-
nia and other toxic substances generated by the 
chemical reactions of putrefactive bacteria in the 
colon. The re-establishment of a correct balance in 
the colonic microflora by the acidophilic bacteria 
in detriment of the putrefactive bacteria would 
prevent degenerative diseases and improve the 
quality of life of the consumers. Metchnikoff 
also postulated that this bacteria could become 
implanted in the colon and thus inhibit the pro-
liferation of the undesirable microorganisms. He 
called this Lactobacillus ‘Bulgarian’ (bulgaricus) 
but it is not known whether the microorganism 
currently identified with this name corresponds 
to Metchnikoff’s original strain, which was lost. 
It is possible that Metchnikoff’s concept matched, 
to some extent, the concept currently defining 
probiotics. Metchnikoff wrote a book, which 
he published in 1908, ‘The prolongation of life. 
© 2010, Elsevier Inc. All rights reserved.
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optimistic studies’ [1] and he launched a success-
ful industry that produced an acidified milk and 
a product in tablet form containing L. bulgaricus; 
furthermore, he became a consumer of his product  
and lived to be 71 years, a very advanced age at 
that time.

Interest in the bifidobacteria started more or 
less contemporaneously, when Tissier described 
in the feces of breastfed infants the predomi-
nance of bacteria that produced lactic and acetic 
acid; these bacteria were bifurcated and which 
he named Bacillus bifidus [2]. This was later called 
Bifidobacterium. Tissier was the first to notice that 
when infants were introduced to cows’ milk, their 
fecal flora became more varied and the bifidobac-
teria were no longer predominant. Since breast-
fed infants are more refractory to conditions such 
as acute diarrhea, he attributed this advantage to 
the growth of the bifidobacteria.

Interest in the functional capacities of lacto-
bacilli and bifidobacteria decreased after some 
time, and remained low for many years as extrav-
agant claims were made on doubtful scientific 
grounds about their supposed capacity to cure all 
kinds of diseases. In the United States, a product 
called ‘acidophilus milk’ is still available in the 
market and rather widely consumed by people 
affected by constipation and symptoms probably 
resulting from the irritable bowel syndrome [3].

Interest in the colonic microflora was re-estab-
lished by the studies of dubos, Savage, Savaiano 
and many other investigators. It became progres-
sively evident that the microflora of the colon 
included large numbers of species (about 1000) 
and strains (numbers unknown) and that it was 
extremely complex. Furthermore, this ecosystem 
suffered changes related to age and type of feed-
ing in infants, and during antibiotic treatments, 
although it returned to normality after treat-
ments were interrupted [4]. The importance of 
the resident microbiota as part of the defensive 
mechanisms of the organism awoke the interest 
of specialists. They studied the genus and spe-
cies whose characteristics were considered to 
result in the protective against some diseases, 
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with a shortening of the duration of their symp-
toms, and even in their prevention in some cases.

1.1. Characterization of Probiotics

The word ‘probiotic’ was coined by Parker who 
defined them as organisms and substances that 
contribute to the intestinal microbial balance [5]. 
Some 15 years later, Fuller expanded this concept, 
defining them as ‘… a live microbial feed supple-
ment which beneficially affects the host animal 
by improving its intestinal microbial balance’ [6]. 
This wider and more comprehensive definition 
emphasizes the requirement for probiotic microor-
ganisms to be alive when ingested, that they influ-
ence the resident intestinal microbiota of the host, 
and that their intake brings benefit(s) to the host. 
However, some of the terms of this definition were 
considered rather vague, especially when applied 
to the clinical environment and, as a result, other 
definitions were coined. Thus, Saavedra and col-
leagues defined probiotics as viable microorgan-
isms which, when ingested with food, may exert 
positive effects on the prevention or the treatment 
of specific pathologic conditions [7]. Eventually, 
a consensus was reached on a definition of pro-
biotics that was expressed by a joint FAo/wHo 
Expert consultation that defined them as ‘… live 
microorganisms which, when ingested in ade-
quate numbers as part of food, benefit the health 
of the host’ [8]. This latter definition emphasizes 
the concept that to obtain the desired effects pro-
biotics must be ingested in numbers above a 
threshold.

It has been agreed that in order to be accepted 
as a probiotic, a microorganism should fulfil 
certain requirements: it should be of human  
origin (although some species have been recov-
ered from plants or animals); and it should 
exhibit the capacity to withstand the effects  
of gastric acidity, conjugated bile salts and intes-
tinal and pancreatic enzymes. Furthermore, the 
probiotic agents must be capable of adhering 
to enterocytes and colonocytes; they should be 
innocuous even when administered in large 
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numbers; they should exhibit dose–response 
relationships and they must survive the indus-
trial processes involved in their massive incor-
poration to foodstuffs [9].

A number of species and strains of bacteria, 
yeast and even fungi have been evaluated for 
their potential probiotic properties. Table 6.1 is 
a partial list of the microorganism species from 
which probiotic strains have been isolated and 
tested in the laboratory or have been used in 
the production or processing of foodstuffs [9]. 
different probiotic species or even different 
strains from the same species may exert differ-
ent, even antagonistic effects [10].

1.2. Safety of Probiotics

The main condition that probiotics have to ful-
fil is that they are safe to administer. Lactobacilli 
have been used for thousands of years in foods, 
mainly in dairy products, as they are present  
in the microbiota of animals and plants. Because 
of their capacity to synthesize acid, many  

TAbLe 6.1 Species from which probiotics used in 
humans have been isolated

Bacteria Bifidobacterium Leuconostoc

Lactobacillus   bifidus Pediococcus

  acidophilus   infantis Propionibacterium

  johnsonii   longum Enterococcus

  plantarum   thermophilus Escherichia coli

  rhamnosus   adolescentis Lactococcus

  delbruecki   catenulatus Aspergillus

  reuteri   pseudocatenulatus   niger

  fermentum   lactis   oryzae

  brevis Streptococcus Yeast and fungi

  lactis   lactis Saccharomyces

  cellobiosus   cremoris   boulardii

  paracasei   salivarius

  helveticus   intermedius
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lactobacilli have been used to produce fermented 
foodstuffs from meat, fish, cereals, vegetables, 
fruits and from the milk of almost all mamma-
lian species. The acidified beverages were empir-
ically administered to young children for their 
diarrhea-preventing potential [11]. Furthermore, 
the concerns about the risk of inducing d()-
lactic acidosis during the fermentative process 
has been demonstrated as unfounded in some 
publications [12, 13]. Lactobacilli, bifidobacteria, 
and lactococci are all included in the category of 
organisms ‘generally regarded as safe (GRAS)’, 
a category in which the spore-forming bacteria, 
Enterococcus, streptococci and Bacillus are not 
included. different probiotics have been admin-
istered to considerable numbers of individuals 
under controlled conditions, both infants and 
adults, suffering from different conditions, and 
have been proven to be without associated risks. 
In some of these trials, combinations of probi-
otics have been used. Furthermore, all kinds of 
products containing these bacteria are sold over 
the counter and without control to large seg-
ments of population without any undesirable 
affects [10]. However, concerns persist as cases 
of sepsis are reported periodically in the medi-
cal literature [14]. Some of the theoretical risks 
associated with probiotic intake include local 
disturbances of gastrointestinal function and 
metabolism, the displacement of the resident 
microbiota by the probiotic bacteria, adverse 
repercussions on the local (and systemic) immu-
nity, the transfer of antibiotic resistance to the 
colonic bacteria or to potential pathogens origi-
nating from the environment. Another concern 
is that a probiotic may become invasive through 
translocation across the intestinal barrier in 
immunosuppressed subjects [15].

So far, there is no evidence that probiotics have 
the capacity to adhere to the epithelial lining of 
the intestine as pathogens do when invading the 
bloodstream. on the contrary, administration 
of probiotics is capable of blocking the transloc-
ation of pathogens without themselves migrat-
ing. Long-term surveillance in many countries 
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has not demonstrated an increase of the risk of 
bacteremia or endocarditis due to probiotics. 
Even more, administration of probiotics has been 
shown to decrease mucosal permeability in a 
number of studies in humans [15, 16].

The microorganisms associated with bactere-
mia or endocarditis include L. rhamnosus GG, L. 
plantarum, L. casei, L. paracasei, L. salivarius, and 
L. acidophilus. Some cases have been associated 
with Bifidobacterium, Leuconostoc and Pediococcus, 
most of them of endogenous origin. Episodes 
of blood invasion associated with Enterococcus 
have been described but this microorganism 
is known to cause endocarditis of endogenous 
origin. while in some patients the associated 
microorganisms have been demonstrated by 
molecular methods to originate from the admin-
istered probiotics, this confirmation is missing 
in other episodes. Most of the affected patients 
had severe intercurrent conditions such as 
short bowel syndrome, intestinal feeding tubes, 
central venous catheters and other severe co- 
morbidities [14]. However, it should be empha-
sized again that these cases are almost anecdotic.

In 2008 the results of a multicenter, rand-
omized, double blind, placebo-controlled study 
on the effects of a multispecies probiotic prepa-
ration in patients with severe acute pancreatitis 
were published [15, 16]. The aim was to con-
firm previous investigations by other groups 
that suggested possible beneficial effects in acute 
pancreatitis associated with tissue necrosis. A 
total of 153 patients received an experimental 
mixture of six different bacterial probiotics that 
carry the European Union label of qualified pre-
sumption of safety in two daily doses of 1010 by 
enteral tube; 144 individuals served as controls. 
Infectious complications occurred in more 
patients in the group receiving the probiotics;  
of the patients in the probiotic group 16% died 
compared with 6% in the control group. nine 
patients in the probiotic group developed bowel  
ischemia, eight with fatal outcomes, compared to 
none in the control group. The authors concluded 
that the probiotic mixture used as a prophylactic 
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agent did not reduce the risk of infectious com-
plications and, on the contrary it was associated 
with a considerably increased risk of mortality 
[17]. while eliciting considerable concern, this 
study raised a number of serious objections on 
aspects such as the model design and the rand-
omization of patients, the use of the six differ-
ent bacterial species and their high numbers, 
and especially, the clinical status of the patients, 
with a number of them already in shock or with 
organ failure in the experimental group when 
incorporated to the protocol and the microor-
ganisms were administered to them [18–20]. 
The growing consensus among the specialists 
is that probiotics should not be administered 
to individuals of any age who may be at risk 
of organ failure or of deterioration of the intes-
tinal barrier function [21]. otherwise, the risk 
involved in the administration of probiotic bac-
teria is minimal as they have been administered 
to individuals who have suffered severe trauma, 
extensive surgery including cases of liver trans-
plantation or duodenopancreatectomy, cirrho-
sis of the liver and mild-to-moderate hepatic 
encephalopathy. The need for carefully planned 
and controlled studies for the evaluation of the 
properties of probiotics results is evident if valid 
results are to be obtained [15, 16, 21].

1.3. Probiotics in Acute diarrhea

despite the multiple advances in the manage-
ment of acute diarrhea, it continues to cause some 
three million deaths in children. Furthermore, 
it is one of the main causes of deterioration 
of their nutritional status. Even in developed 
countries such as the United States, diarrhea is 
reported as the cause of hospitalization in 13% 
of admitted patients and the estimated cumu-
lative incidence is of one hospitalization due to 
diarrhea per 23 to 27 children under the age of 
5 years. As the sanitary conditions of the envi-
ronment improve through the provision of safe 
drinking water and adequate sewerage systems 
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in association with the education of the popula-
tion, the prevalence of diarrhea associated with  
bacteria such as enteropathogenic E. coli and 
Shigella decreases and the incidence of cases asso-
ciated with rotavirus infection increases [22, 23]. 
The high numbers of episodes of acute diarrhea 
represents an economic burden for the less devel-
oped countries and for poor families who fre-
quently cannot afford treatment. It is estimated 
that in the United States the combined cost of 
outpatient and inpatient treatment for diarrhea 
exceeds US$2 billion per year. Furthermore, in 
many cases antibiotics are unnecessarily pre-
scribed and this represents, besides a source 
of disturbances of the resident microflora, the 
cause of antibiotic-associated diarrhea and of 
the appearance of resistant species and strains of 
bacteria.

Since 1983, a number of randomized, control-
led trials using probiotics for the management of 
acute diarrhea have been published. These stud-
ies show that different probiotic microorganisms,  
L. rhamnosus GG (LGG), L. reuteri, B. lactis (Bb12), 
B. breve and S. thermophilus 065, exert protective 
effects or shorten the duration of this disease  
when induced by rotavirus [24–30]. This lat-
ter effect may be considered as modest because, 
while in the control children the duration of the 
episodes has been reported to be 2.4  1.1 days, 
in those who received a fermented product con-
taining LGG the episodes lasted 1.4  0.8 days 
[26]. However, when the considerable numbers 
of children who may be affected are taken into 
consideration, a shortening of approximately 1 
day in the duration of this condition represents 
an important decrease of the burden to the health 
services in terms of hospitalizations, patient loads 
and costs. Similar effects have been reported for 
the duration of febrile episodes associated with 
the administration of L. reuteri when compared 
to B. lactis Bb12. L. reuteri has also been associated 
with decreased shedding of rotavirus in feces 
during episodes of diarrhea and their aftermath, 
a finding that is important as this may decrease 
the rate of secondary cases [29]. This suggests 
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that probiotics probably exhibit specificity as to 
their effects on acute diarrhea and its symptoms.

Probiotics do not seem to have comparable 
effects on the duration of bacteria-associated 
diarrhea; however, their administration is asso-
ciated with decreases of the frequency and dura-
tion of persistent diarrhea [29].

Antibiotic-associated diarrhea (AAd) is an 
otherwise unexplained diarrhea that occurs in 
association with the administration of antibio-
tics [31]. The bacterial agent most commonly 
detected in AAd is Clostridium difficile, although 
Klebsiella oxytoca, multidrug resistant Salmonella, 
C. albicans, and C. tropicalis have also been impli-
cated in some cases [32]. Almost any antibiotic 
is capable of inducing episodes of this disease, 
in particular those that decrease the resident 
populations of anaerobic bacteria. The inci-
dence of this clinical entity is 5–25%, depending 
on the antibiotic [33]. The symptoms vary from 
mild episodes that end spontaneously when the 
antibiotic treatment is interrupted, to severe, 
dehydrating bloody diarrhea that may become 
associated with life-threatening conditions such 
as toxic megacolon [34]. The administration of 
probiotics, especially S. boulardii or some lacto-
bacilli, has been demonstrated to be therapeu-
tic options, especially the former [35, 36]. The 
effect of S. boulardii has been evaluated in only 
one study in infants [37]. Most studies have 
been carried out in adults. The effect of S. boul-
ardii is associated with its capacity to neutralize  
the cytotoxins produced by C. difficile, through 
the release of a protease capable of degrad-
ing the toxin and its receptor in the mucosa. 
This yeast exerts trophic effects on the intesti-
nal mucosa by increasing its concentrations of 
polyamines. It restores the levels of short-chain 
fatty acids, and it exerts anti-inflammatory 
effects by acting on the MAP kinase and nF-kB 
pathways and decreasing the secretion of IL-8. 
In addition, S. boulardii secretes a small peptide, 
the S. boulardii anti-inflammatory factor, that 
inhibits signaling pathways activated by the 
toxins produced by C. difficile [39].
 And ovERvIEw



6. OVERVIEW ON PRO- AND PREBIOTICS IN HUMAN HEALTH78
1.4. Probiotics and Helicobacter pylori 
Colonization

Helicobacter pylori (H. pylori) is considered 
to be one of the most prevalent pathogens 
and colonizes the surface of the human gastric 
mucosa. Gastric colonization begins early in life, 
and affects a high proportion of the pediatric 
population, including infants in the develop-
ing countries [40]. H. pylori is considered as the 
etiological factor for gastroduodenal ulcers and 
a risk factor for gastric cancer, due to the early 
colonization process and an important factor 
in determining the development of gastric can-
cer later in life. Although all colonized indi-
viduals develop chronic gastritis, most remain 
asymptomatic and should not receive antibiotic 
treatment. This has a high cost, it is not highly 
effective and results in antibiotic resistance, and 
furthermore it induces adverse effects that affect 
compliance. Additionally, treated children are 
rapidly re-colonized.

For these reasons, it has been proposed that 
probiotics can be used as a tool for the dietary 
management of H. pylori colonization in at-risk 
populations. Some of the probiotics used in infant 
formulas and in child foodstuffs have been shown 
to interfere with H. pylori and/or to exert gastro-
protective activities. These effects are strain spe-
cific and are related to the inhibition of H. pylori 
growth and adhesion by probiotic bacteriocins as 
well as to their antioxidant and anti-inflammatory 
properties [41]. In a randomized, double blind 
place to controlled trial carried out in asymp-
tomatic colonized children, it was shown that  
4-weeks administration of L. johnsonii ncc533 
significantly decreased H. pylori colonization 
(determined by the 13c-urea breath test), com-
pared with the placebo. Interestingly, the decrease 
of the colonization induced by the probiotic cor-
related with the levels of basal colonization before 
treatment [42]. In another study, the same pro-
biotic strain, alone or combined with cranberry 
juice, was shown to eradicate H. pylori in 14.9 and 
22.9%, respectively, of colonized children [43]. 
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Similar rates of eradication were observed with  
S. boulardii in another trial [44]. on the other hand, 
the administration of a yogurt with L. gasseri oLL  
2716 (LG21) to H. pylori-positive children did not 
affect the density of colonization at the end of the 
intake period but decreased the severity of the 
gastric inflammation, as reflected by the lower 
pepsinogen I/II ratio [45].

Probiotics have also been used in combination 
with H. pylori antibiotic therapy with the aim of 
increasing its efficiency. In a multicenter, prospec-
tive, randomized, double blind, controlled study 
carried out in symptomatic children colonized by 
H. pylori, a 7-day treatment with antibiotics and 
omeprazole was compared with the same regi-
men supplemented with a fermented milk con-
taining L. casei dn-114001 for 14 days [46]. The 
fermented product significantly increased the 
eradication rate from 57.5 to 84.6%. However, 
no differences in the rate of eradication were 
observed in another study carried out in 65 chil-
dren, using the standard triple therapy (for 7 
days) supplemented with a yogurt containing  
B. animalis and L. casei for 3 months [47].

These studies suggest that some probiotics 
may be useful to maintain low levels of H. pylori 
and to decrease the chronic inflammatory pro-
cesses in the gastric antrum of colonized chil-
dren. However, better designed studies with 
adequate sample sizes are necessary to obtain 
more solid conclusions.

1.5. Probiotics in Necrotizing 
enterocolitis

necrotizing enterocolitis (nEc) is a serious 
gastrointestinal disease observed predomi-
nantly in very low birth weight infants during 
their hospitalization in neonatal intensive care 
units in the first weeks of life. nEc is a complex, 
multifactorial disease probably associated with 
immaturity of intestinal functions and deficien-
cie of the local and systemic immune systems. To 
this must be added the effects of enteral feeding  
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and of the microbial colonization of the gut 
lumen with local production of gas and of mole-
cules that affect negatively enterocyte functions. 
The contribution of each of these factors to the 
genesis of nEc is unknown [48].

In 1999, Hoyos demonstrated that the inci-
dence of nEc as well as its fatality rate were 
reduced in neonates in an intensive care unit 
when Lactobacillus acidophilus and Bifidobacterium 
infantis were administered [49]. Hoyos suggested 
that these results needed further investigation 
of bacterial gut colonization and its role in nEc.  
A number of other studies—including a cochrane 
database Systematic Review—which showed that 
enteral administration of probiotics significantly 
reduced the incidence of severe nEc (stage II 
or more) and mortality [50–55], have confirmed 
these studies. The mechanisms by which probio-
tics may prevent nEc include reduced intestinal 
colonization by pathogens, increased efficiency of 
the intestinal barrier against bacterial transloca-
tion to the bloodstream, modification of the host 
responses to microbial products through sensiti-
zation and immune responses, and improved effi-
ciency of enteral nutrition.

It has not been possible to extract data regard-
ing the outcome of the extremely low birth 
weight infants because of their low numbers, 
and in consequence, no suggestions are made 
for this high-risk group. The positive effects 
on infants weighing more than 1000 g at birth 
support the need for changes in their current 
treatment practices. of note, no systemic infec-
tions with the probiotic microorganisms were 
reported in any of the studies.

1.6. Probiotics in Traveler’s diarrhea

Traveler’s diarrhea (Td) is a common ail-
ment that affects mostly people traveling from 
the developed to the less developed parts of 
the world. However, Td may also affect people 
going in the opposite direction, which means 
that for this condition there are no safe places. It 
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is estimated that Td is the result of the ingestion 
of fecally contaminated food, water or any other 
beverages. The risk is especially high if the food 
is acquired from street vendors. The incuba-
tion period is 2–3 days and the duration of the 
symptoms is highly variable; in general, it is a 
self-limited condition characterized by diarrheal 
bowel movements, cramping abdominal pain, 
nausea, vomiting, and low fever. In some cases 
the symptoms are severe and patients may 
become severely dehydrated, especially chil-
dren, immunocompromised individuals and the 
elderly. Although Td tends to affect individuals, 
large outbreaks have occurred affecting hun-
dreds of passengers in settings such as cruise 
ships [48]. Most cases of Td are explained by 
the presence of pathogens such as enteropatho-
genic E. coli, enteroaggregative E. coli, Salmonella 
species, Shigella species, Campylobacter jejuni, 
Yersinia enterocolitica, Plesiomonas shigelloides, 
Vibrio parahemolyticus, Aeromonas hydrophila, and 
Vibrio cholerae. The diarrhea-associated types of 
E. coli are the most common cause. other causa-
tive agents include parasites (G. lamblia, E. his-
tolytica, Cyclospora and Cryptosporidium). of the 
viruses associated with diarrhea, the most fre-
quent findings are rotavirus and noroviruses. 
Affected individuals harbor more than one 
agent during the episode; in about one-third of 
patients no agent is identified [56].

The best strategy for dealing with Td is 
through prevention. However, in many of 
the cases it is necessary to institute treatment. 
Probiotics have been used in both capacities; this 
idea is conceptually sound as these microorganism 
are safe, compete with enteropathogens and have 
been shown to be effective. In placebo-controlled  
studies, S. boulardii has been demonstrated to be 
effective but the benefit was different depending 
on the geographical area to which the subjects 
traveled. Lactobacillus GG was also demonstrated 
to be effective [57]. on the other hand, L. acido-
philus did not seem to be effective nor was non-
viable L. acidophilus [58]. Mixtures of different 
probiotic species yielded variable results [59]. It is 
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possible that some of the geographical differences 
in clinical outcomes are the result of different 
pathogens and different vehicles. Administration 
of the probiotic agents should be started 2 or 3 
days before exposure and should be continued for 
about a week after the episode is finished.

1.7. Probiotics in the Management of 
Allergies

Atopic diseases such as eczema, allergic rhinitis 
and asthma are chronic allergic disorders whose 
prevalence has increased considerably over the 
past 20 years. According to the hygiene hypoth-
esis, there is an inverse association between the 
number of infectious episodes occurring early 
in life and the development of atopy appearing 
simultaneously or a few short years later. The 
higher frequency of allergies may be related to 
other conditions such as decreases of intestinal 
infections, changes in food consumption patterns, 
industrial processing of foodstuffs resulting in the 
disappearance of all or some of their microbiota, 
and alterations of the intestinal microbiota [60]. 
It is estimated that food allergies affect 3.5% of 
adults and 8 to 10% of children; the food allergens 
most frequently involved are egg, peanuts, milk, 
fish, nuts, shellfish, wheat, kiwi and mustard.

A number of studies suggest that there exists 
a relationship between allergic conditions and 
the composition of the gut microbiota. The fecal 
counts of bifidobacteria in allergic infants, partic-
ularly those with atopic eczema, are significantly 
lower than in healthy peers [61]. Clostridium, 
Bacteroides and Staphylococcus may also be altered 
and their numbers may correlate with the IgE 
serum levels. In the population of Bifidobacterium 
of the colon of allergic infants there are higher 
counts of B. adolescentis and B. longum and lower 
counts of B. bifidum, in contrast to their healthy 
peers [62]; such a microbiota is associated with 
the in vitro synthesis of TnF- and IL-12 by 
macrophage-like cells [63]. The gut microbiota 
participates in the establishment of immune 
oral tolerance by reorienting the Th2 responder 
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phenotype of newborns towards the Th-1 cell-
mediated immune response and through the 
stimulation of TGF- and IgA secretion. The 
microbiota also participates in the regulation of 
the gut barrier function, which blocks the trans-
fer across the mucosa of food antigens and micro-
organisms implicated in the altered immune 
responses of atopic children.

It has been proposed that probiotics modu-
late the homeostasis of the gut microbiota and 
decrease the risk and the symptoms of allergies. 
Randomized, double blind, placebo-controlled 
clinical trials have been carried out to evaluate 
whether probiotic intake alleviates atopic eczema 
in children. LGG, and sometimes Bifidobacterium 
Bb12, decrease ScoRAd as well as the fecal -1 
antitrypsin and TnF-, plasmatic scd4 and the 
protein X of eosinophils in urine [64]. A decrease 
of atopic eczema in infants from atopic families 
was observed when mothers were given LGG 
prior to delivery and during lactation (23 vs 
46% in the probiotic and placebo groups, respec-
tively) [65]; TGF-2 levels were increased in their 
milk [66]. The protective effect has been shown 
to persist until 7 years of age [67]. This means 
that the administration of probiotic microorgan-
isms prior to delivery, and 6 months afterwards, 
leaves an imprint in the immune system of the 
host that persists for years and prevents the 
development of atopic manifestations.

In atopic dermatitis, the daily administration of 
LGG for 4 weeks decreased ScoRAd in the chil-
dren with high IgE levels [68]. on the other hand, 
no improvement of ScoRAd and of inflamma-
tory parameters was observed in infants less 
than 5 months of age who received a hydrolyzed, 
whey-based formula alone or supplemented with 
LGG or with L. rhamnosus for 3 months [69].

1.8. Probiotics in the Management of the 
Irritable bowel Syndrome

The irritable bowel syndrome (IBS) is a func-
tional disorder characterized by symptoms 
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such as abdominal pain, bloating and episodes 
of diarrhea or constipation. These occur in the 
absence of demonstrable lesions and may per-
sist for long periods with some of the symptoms 
increasing or decreasing in intensity in an unpre-
dictable manner. The affected patients represent 
a rather heterogeneous group in whom a variety 
of treatments have been assayed with variable 
results, mostly disappointing. with some fre-
quency the irritable bowel syndrome becomes 
manifest following episodes of acute, mostly 
viral, diarrhea or after antibiotic treatments. For 
this reason, alterations of the resident micro-
biota have been considered to play a part in its 
pathogenesis. The pathophysiology of the IBS is 
multifactorial and may include motor and sen-
sory dysfunction, immune responses, food sen-
sitivity and genetic predisposition. The disease 
is more common in females [70, 71]. A decrease 
of bifidobacteria, lactobacilli and E. coli has 
been described with concomitant increases of 
other bacteria such as clostridia. Some patients 
exhibit symptoms of increased colonic fermen-
tation including bloating and meteorism [72, 
73]. Probiotics may modify the composition and 
metabolism of the resident flora and further-
more, exert anti-inflammatory effects, influence 
the adaptation of the intestinal vasculature to 
changing conditions in the mucosa of the colon 
and protect the lumen and the mucosa surface 
from pathogens [74]. A study in 2007 demon-
strated that Lactobacillus strains, and especially 
L. acidophilus, induced the expression of -opioid 
and endocanabinoid receptors in cultured intes-
tinal epithelial cells; it also mediated analgesic  
functions in the gut of mice, similar to the 
effects of morphine [75]. This suggests that the 
microbial flora of the gastrointestinal tract may 
influence visceral perception by the affected 
individuals.

The majority of the controlled studies on the 
effects of probiotic bacteria on the evolution of 
the irritable bowel syndrome show improve-
ment of the symptoms experienced by patients 
and of their health quality of life index, with  
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stabilization of the resident microflora but with-
out changes in the fecal concentrations of short-
chain fatty acids (ScFAs) or in the parameters 
indicative of inflammatory processes, such as  
c-reactive protein [76, 77].

1.9. Probiotics in Inflammatory  
bowel disease

Inflammatory bowel disease (IBd) is a spec-
trum of chronic inflammatory disorders whose 
etiology is unknown although genetic, immuno-
logical and psychological factors have been dem-
onstrated to play a role in their pathogenesis.

Ulcerative colitis (Uc) and crohn’s disease 
(cd) are the two most frequent causes of this 
chronic inflammation of the gastrointestinal 
tract; these are lifelong diseases characterized 
by recurrent episodes of diarrhea, frequently 
with blood in the feces, abdominal pain, fever, 
malaise and weight loss. while Uc is confined 
to the mucosa of the colon and sometimes 
involves the terminal ileum (backwash ileitis), 
cd affects any segment of the gastrointestinal 
tract, it tends to affect the full thickness of the 
wall and generates fistulae that short circuit the 
affected organ to other segments of the intesti-
nal tube or to organs close by such as the biliary 
tract, the urinary bladder or the skin, greatly 
complicating the management of these patients. 
Systemic compromise is more frequent in cd, 
affecting the eyes, joints, genitals and skin. The 
incidence of Uc is 10 new cases per 100,000 per-
sons/year in the United States. In the less devel-
oped countries the incidence is less, although in 
some countries such as chile it has been increas-
ing in the last 20 years; the incidence of cd is 
3.4 to 14.6 per 100,000 persons/year. As with 
Uc, the prevalence of cd is also increasing in 
some of the less-developed countries. For both 
diseases there is evidence of genetic influences 
[78, 79].

Medical treatment to induce remission in 
both conditions (Uc and cd) includes the use 
of different types and pharmaceutical forms of  
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corticosteroids, derivates of aminosalicylic acid, 
immunomodulators (azathioprine, 6-mercaptopu-
rine, mycophenolate mofetil, tacrolimus), biologi-
cal agents (infliximab, adalimumab, certolizumab, 
etc.), and selective adhesion molecule inhibitors 
(MLn02) [80]. In a proportion of cases, resec-
tion of the affected segments becomes necessary 
because of stricture, abscess or fistula formation 
or because of the risk of malignancy after many 
years of evolution [78, 79].

An important body of evidence has suggested 
that the enteric microbial flora exerts a distinct 
role in inducing and maintaining the activity of 
the intestinal inflammation processes through 
complex interrelations with the local immune 
system. It seems that some bacteria, viruses or 
even food antigens may act as triggers. The role 
of the resident microbiota in these diseases is dif-
ficult to establish; however, the fact that some 
antibiotics such as metronidazole and cipro-
floxacin induce remissions, especially in cd, 
further suggests that bacteria plays a role in the 
causation of both diseases [81–83]. This is also the 
rationale for the use of probiotics. Although there 
have been clinical studies on the effect of probiot-
ics in IBd, there is a scarcity of large, randomized, 
double blind, placebo-controlled studies. Studies 
have evaluated the efficacy of E. coli nissle 1917 
and vSL#3 for relatively short periods in patients 
on remission; in general, the results achieved are 
not different from those of 5-aminosalicylic (5-
ASA) in maintaining remission [84, 85]. The main 
advantage of the probiotics is that they induce 
fewer side effects than conventional therapies. In 
other studies, Lactobacillus GG seems to be able 
to maintain remission for longer periods than 5-
ASA does; relapse rates and clinical, endoscopic 
and histological scores were similar with both 
therapies. A study using vSL#3 showed that this 
combination of probiotics is beneficial as an alter-
native to 5-ASA in the maintenance of remission 
in patients with Uc. Another study provided 
additional information on the use of the same 
combination as capable of maintaining remission 
for at least 6 weeks in 53% of patients while an 
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additional 24% were improved. In some patients 
a reduction of nFkB was observed together with 
an increase of anti-inflammatory cytokine release. 
In other studies the results are not conclusive. It 
seems that probiotics have strain-specific effects 
and that it is important to test each of these in 
carefully selected patients [83].

Similar results are obtained in the treatment 
of active Uc with probiotics, administered either 
orally or by enema. It is possible that the adminis-
tration of probiotics may magnify the effects 
of 5-ASA. There are suggestions that the effect 
of the probiotics is not the result of their direct 
influence on the colonic mucosa but perhaps it 
may be a consequence of modifications induced 
on the resident microflora or on the inflamma-
tory processes [86].

The results obtained in the treatment of cd in 
the active stage or in remission are similar to those 
observed in Uc. In some cases, the efficacy is not 
evident. It is possible to observe a certain degree 
of decrease of relapse rates but this is not clearcut. 
Another problem is the small number of patients 
participating in some studies. A cochrane Review 
published in 2008 discourages the use of probio-
tics in the management of cd [87].

The situation is different in pouchitis. This is 
a condition characterized by mucosal inflam-
mation occurring in an ileal reservoir following 
total colectomy for Uc or familial adenomatous 
polyposis. Its incidence is higher in the former. 
The inflammation of the pouch mucosa occurs in 
continent ileostomies and in pelvic pouches. The 
condition is manifested clinically by increased 
stool frequency, urgency, diarrhea, bleeding from 
the mucosa and pain. Systemic symptoms such 
as fever are common. The treatment of this con-
dition may be very frustrating and use has been 
made of metronidazole, ciprofloxacin and topi-
cal butyrate, glutamine and kaolin. Some stud-
ies in patients with pouchitis have not shown 
evidences of clinical or endoscopic responses 
with the administration of LGG; however, 
first episodes of this disease were delayed in 
another study. In two randomized, double blind,  
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placebo-controlled studies in which participating 
patients were given vSL#3, relapse rates were 
significantly reduced after a 9-month follow-up 
and pouchitis development in newly operated 
patients was prevented. L. acidophilus and B. lactis  
may induce improvement of the markers of a 
pouch disease activity index [83, 88].

1.10. Probiotics and Cancer

cancers of the large intestine are the third 
most prevalent form of the disease in men 
(after lung and prostate cancers) and in women 
(after breast and lung cancers). In non-dissemi-
nated disease the 5-year survival rate may be 
63% although if metastatic spread has already 
occurred at the time of discovery, the 5-year 
survival rate is close to 10%. Most cancers arise 
from adenomatous polyps after a long evolu-
tion through the accumulation of a succession 
of mutations to genes such as TP53, APC, and 
K-ras. A number of epidemiological studies 
suggest that there is a relationship between the 
appearance of colonic cancers and the quality of 
the diet [89]. Because of this, and due to the fact 
that most sporadic colon cancers appear in areas 
with high counts of bacteria and fecal stagnation 
(the cecum, the ascending and descending colon 
and the rectum), the role of the resident micro-
flora in carcinogenesis has awakened consider-
able interest. As probiotics modulate the colonic 
microbiota and stimulate local and systemic 
immunity, a natural interest was also awakened 
to further explore these aspects [90]. It is possi-
ble that some bacteria from the resident micro-
biota may release carcinogenic compounds into 
the colonic lumen as a result of their metabolism 
of unabsorbed molecules. There is evidence sug-
gesting that the consumption of fermented milk 
products containing lactobacilli and bifidobacte-
ria may play a role in preventing cancer of the 
colon and rectum but the mechanisms responsi-
ble for this effect are not fully understood and 
may be linked to different factors. Part of this 
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effect is attributed to the decline of fecal beta-
glucuronidase, nitroreductase and azoreductase 
activities induced in healthy individuals by two 
strains of Lactobacillus acidophilus (ncFM and 
n-2) after 10 days of intake. when the intake of 
these agents is interrupted, the activity of these 
enzymes returns to their previous levels in 3 to 4 
weeks [89]. not every probiotic shares this prop-
erty as some (L. rhamnosus dR20, L. plantarum 
299v and L. acidophilus) do not decrease these 
enzymes in feces, compared with L. casei Shirota 
which is highly effective [89].

Probiotics may also play a protective role 
through the binding and/or degradation of car-
cinogens, many of them originating from the 
western type diet, rich in red meats processed 
by broiling. Studies in mice indicate that the use 
of some lactobacilli reduce the uptake of muta-
gens by different tissues. observations in human 
volunteers have disclosed that consumption of 
preparations containing lactobacilli reduces the 
urinary and fecal excretion of mutagenic com-
pounds [91]. The presence of probiotics in the 
colon is associated with changes in the physico-
chemical environment of the lumen (changes in 
the pH and redox potential). Additionally, ScFAs 
are produced by the bacterial fermentation of 
indigestible polysaccharides and butyrate has 
been shown to induce apoptosis of damaged cul-
tured cells of colonic origin. Butyrate also reduces 
the number of aberrant crypt foci in rats treated 
with the carcinogen azoxymethane [92].

other mechanisms by which probiotics 
may act as anti-tumorigenic factors are the 
enhancement of the local and systemic immune 
responses and the production of molecules that 
neutralize or block mutagens; another possibil-
ity is that these molecules may be directly anti-
tumorigenic [89].

Although the evidence for beneficial effects 
of probiotics in human tumorigenesis is indi-
rect, there is an accumulating body of informa-
tion from experimental models that suggests 
that they exert anti-neoplastic effects. The need 
for carefully planned, long-term studies in 
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humans is evident as probiotics may be useful 
agents in the prevention of the earliest stages in 
the onset of the evolution of cancer.

1.11. effects of Probiotics on  
distant organs

Probiotics induce changes in organs distant 
from the gastrointestinal tract, besides modifying 
the quality of its mucosal barrier and the patterns 
of response of its immune system. Two stud-
ies have evaluated the effects of the oral intake 
of mixtures of probiotics in individuals affected 
by episodes of common cold or upper respira-
tory tract infections. Individuals in the probiotics 
group experienced shorter episodes of common 
cold with reduced intensity of symptoms and 
with enhancement of cytotoxic and T suppres-
sor (cd8) and T helper (cd4) cells [93]. In the 
second study the number of episodes of common 
cold and influenza decreased considerably as well 
as the overall severity of symptoms; in this lat-
ter study the subjects in the experimental group 
received prebiotics or lactoferrin in addition to 
the probiotics [94]. As the experimental design 
and mixtures of bacteria tested in both studies are 
not identical, it is difficult to establish compari-
sons between these mixtures and their effects. The 
roles played by the prebiotics and the lactoferrin 
are not evident. Anyway, these studies show that 
probiotics have effects beyond the digestive tract.

Another example of this type of effect is 
the decrease in the severity of atopy in infants 
whose mothers had received L. rhamnosus GG 
before delivery and then for 6 months if the 
infants were breastfed. Alternatively, L. rham-
nosus was added to the formula for the same 
length of time if the infant was not breastfed 
[66, 67]. The interesting finding of these studies 
is that the protective effect of this single probio-
tic extended for at least 7 years, which means 
that intake of these microorganisms leaves an 
imprint in the immune system that persists for 
long periods of time.
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It has been shown that the oral administration 
of L. casei together with the intravesical adminis-
tration of epirubicin to patients operated on for 
bladder cancer was associated with a higher per-
centage of patients with a 3-year symptom-free 
survival rate although the overall survival and 
the progression-free period were not influenced. 
Again this shows that probiotics exert effects 
in distant organs. These effects are probably 
mediated by changes in the local and systemic 
immune responses, the patterns of cytokine syn-
thesis, the stimulation of natural killer and cyto-
toxic cells, the stimulation of macrophages, the 
changes in the quality of the intestinal barrier, 
and many other functions which have not been 
evaluated in depth [95].

2. The PrebIoTIC CoNCePT

The original definition of prebiotics, pro-
posed by Gibson and Roberfroid in 1995, 
defined them as indigestible dietary carbohy-
drates which beneficially affect the health of the 
host by selectively stimulating the growth or the 
activity of one or more bacterial populations in 
the colon, mainly lactobacilli and bifidobacteria 
[96]. Then, in 2007, the FAo Technical Meeting 
on Prebiotics proposed a broader definition to 
encompass new prebiotics and to reflect more 
accurately the current understanding of the 
microbial ecology of the human microbiota: 
‘A prebiotic is a non-viable food component 
that confers a health benefit on the host, asso-
ciated with modulation of the microbiota’ [97]. 
It is interesting to note that according to this 
new definition, dietary components other than 
non-digestible carbohydrates could also be con-
sidered as prebiotics. This is the case, for exam-
ple, of the nucleotides and the casein-derived 
glycomacropeptide of human milk, which are 
capable of modulating the colonic microbiota 
of the newborn [98, 99]. The FAo report states 
that prebiotics must be food-grade components 
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(not drugs) well-characterized from the chemi-
cal point of view. They can be a form of dietary 
fiber, although not all dietary fiber is necessarily  
a prebiotic. Another important point is that 
the measurable health-promoting effects of the 
prebiotics must not be due to their absorption 
into the bloodstream or the component acting 
alone; the metabolic activities or the composi-
tion of the microbiota of the target host must be 
modulated by the sole presence of this dietary 
component or of the formulation in which it is 
being delivered. This is accomplished through 
fermentation, as a result of receptor blockage or 
other mechanisms.

2.1. Prebiotics in human Milk

oligosaccharides are present in human milk 
in concentrations ranging from 7 to 12 g/L, 
much higher than those found in bovine milk 
which only contains traces of these molecules 
[100]. They are synthesized in the mammary 
gland through the binding of galactose (Gal) and  
n-acetylglucosamine (GlcnAc) to lactose and 
the incorporation of fucose and sialic acid which 
determines their classification into neutral and 
acidic oligosaccharides and explains the great 
variety of their chemical structures (more than 
130 described) [101]. The presence of n-acetylglu-
cosamine and fucose differentiates human milk 
oligosaccharides from galacto-oligosaccharides 
(GoS). The human milk oligosaccharides may be 
considered as prebiotic components as they are 
neither digested nor absorbed in the small intes-
tine, reaching the infant’s colon where they are 
fermented. The neutral oligosaccharidic fraction 
is a relevant factor in this process and it contrib-
utes to the development of the Bifidobacterium-
rich microbiota characteristic of breastfed infants 
[102]. on the other hand, the acidic fraction could 
prevent the adhesion of pathogenic bacteria to the 
intestinal epithelium [103]. This latter property is 
due to the fact that they display specific moieties 
that act as analogues of host cell surface recep-
tors to which enteropathogens may bind; this 
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blockage of the enteropathogen binding results 
in their subsequent elimination in the feces and 
in the prevention of infectious episodes. In conse-
quence, the great structural diversity of these oli-
gosaccharides may be considered as an adaptive 
response on the part of the mother to the diver-
sity of pathogens present in the environment.

2.2. Sources of Prebiotics

Poly- and oligosaccharides are widely avail-
able in the diet [104]. They are mainly found in 
traditionally consumed vegetables, where they 
constitute a reserve of energy to be used dur-
ing germination. Some oligosaccharides with 
prebiotic activity are also found in the milk of 
other mammals. chitin, which is used to pro-
duce chitosan (by desacetylation), is considered 
the most abundant polysaccharide in nature 
after cellulose; it is found in the exoskeleton of 
crustaceans, insects and in some fungi.

The prebiotics most commonly used in the 
elaboration of foodstuffs, including baby foods, 
are fructans (inulin and fructo-oligosaccharides, 
FoS) and galacto-oligosaccharides (GoS) [105, 
106]. They are considered as GRAS and their 
health-promoting effects have been widely stud-
ied. Inulin, for example, is a mixture of polymers 
composed by fructose units forming lineal chains 
with variable degrees of polymerization, bound 
to a single glucose moiety. Inulin is isolated and 
purified from chicory after extraction with hot 
water. It may be used as a fat substitute in some 
foodstuffs, improving their texture and mouth-
feel and decreasing their energy density [107].

on the other hand, many new prebiotics, either 
of natural (soy oligosaccharides, resistant starch, 
etc.) or synthetic origin (xylo-oligosaccharides, 
pyrodextrin, isomalte-oligosaccharides, lacto-
sucrose, polydextrose, lactulose) are emerging in 
the world markets. Many of these new products 
have been developed in Japan where some are 
currently commercialized. However, it is impor-
tant to note that many of these new compounds 
have been studied mainly in in vitro and animal 
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models. In consequence, it is necessary to carry 
out more clinical trials to confirm their safety as 
well as their healthy effects in humans.

2.3. health-promoting effects  
Associated with Prebiotic Intake

Inhibition of enteropathogens

Many enteropathogens use oligosaccharide 
moieties in the enterocyte glycocalix as recep-
tors: receptor binding is the first step in the 
colonization process that results in the subse-
quent appearance of functional derangements 
and digestive symptoms. It has been proposed 
that the improved understanding of the char-
acteristics of these binding sites could result in 
the design of a new generation of ‘optimized’ 
prebiotics capable of interfering with enter-
opathogen binding, as illustrated by those 
present in human milk [103].

Prebiotics may also exert antibacterial effects 
through the short-chain fatty acids (ScFAs) 
released during the fermentation processes, 
which decreases the intra-colonic pH and inhib-
its pathogen growth. The bacterial populations 
whose growth has been stimulated by prebiotics 
may also inhibit the growth of pathogens, as it has 
been observed in vitro with E. coli, Campylobacter, 
Shigella y Salmonella spp., and reduce their adhe-
sion to epithelial cells [108]. Based on these obser-
vations it has been proposed that prebiotic intake 
could decrease the risk of infectious diarrhea. 
However, few studies have confirmed these 
results in humans [109]. Prebiotics may also con-
tribute to the restoration of the homeostasis of 
the intestinal microbiota when this is altered, for 
example, by antibiotic administration [4].

2.4. Prebiotics and the risk of  
Colorectal Cancer

dietary fiber has been considered to partici-
pate in the protection against the development 
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of colorectal cancer [110]. In animal models 
of colonic tumorogenesis induced in rats by 
azoxymethane, the dietary administration of 
oligofructose (10%) decreased the number 
of aberrant crypts in the colonic epithelium 
and their evolution to malignant tumours 
[111]. on the other hand, fructo- and galacto- 
oligosaccharides have been shown to affect the 
expression of fecal procarcinogenic enzymatic 
activities of bacterial origin such as -glucuro-
nidase, nitroreductase and azoreductase [112]. 
It has not been clearly determined if those 
effects are due to the direct inhibition of these 
activities by the prebiotics, or whether this 
occurs through the higher counts of bifido-
bacteria and lactobacilli and/or the decrease 
of other populations such as members of the 
genus Clostridium. Another important aspect 
contributing to the decrease of the risk of 
colorectal cancer is the cecal concentration 
of butyrate. In fact, this ScFA is important to 
maintain a healthy colonic epithelium because 
it is the main source of energy for the colono-
cytes and favors their differentiation and apop-
tosis, resulting in the elimination of potentially 
cancerous cells.

2.5. Prebiotics and Minerals 
bioavailability

The adequate intake of calcium and magne-
sium is crucial for bone health and the preven-
tion of osteoporosis in at-risk populations. The 
addition of GoS to the diet of rats has been 
shown to increase the absorption of these min-
erals while this effect was reduced in animals 
treated with neomycin, suggesting a role for 
the colonic microbiota in this effect [113]. The 
administration of FoS to gastrectomized ani-
mals, which normally present a decreased 
absorption of calcium, stimulates the expression 
of calbindin in the colonic mucosa and increases 
the retention of calcium in the skeleton in com-
parison with controls receiving sucrose [114]. 
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contradictory results have been observed in 
studies in humans; this could be due to differ-
ences between the doses of prebiotics, the tim-
ing of their administration, the calcium content 
of the diet, the segment of the skeleton evalu-
ated, and the age of the subjects [115]. This phe-
nomenon could be explained by the fact that 
prebiotics fermentation decreases intracolonic 
pH and this improves the solubility of calcium 
and magnesium as well as their bioavailability. 
For example, the daily intake of oligofructose 
and long-chain inulin from chicory enhanced in 
postmenopausal women the fractional absorp-
tion of ca and Mg compared with placebo. Bone 
formation, evaluated by serum osteocalcin, was 
improved after 6 weeks of treatment [116]. Even 
though this process was not quantitatively con-
siderable, it contributes to reverse the negative 
calcium balance existing in postmenopausal 
women and in men 65 years of age, decreas-
ing the risk of osteoporosis in the absence of an 
adequate calcium intake. Interestingly, a similar 
protective effect has been observed in teenagers 
[117]; this could be associated with a decrease of 
body mass index [118].

2.6. Prebiotics and the regulation  
of blood Lipids

High levels of plasmatic triglycerides and 
cholesterol, in addition to abdominal obesity, 
arterial hypertension and insulin resistance, are 
important components of the metabolic syn-
drome, a pathological condition associated with 
an increased risk of cardiovascular diseases. 
Studies in animal models and in humans indi-
cate that prebiotic intake could decrease blood 
triglyceride and cholesterol levels [119]. various 
mechanisms have been proposed to explain 
such effects. Some prebiotics, like the -glucans  
in barley, are known to form viscous gels when 
in aqueous solution; it has been proposed that 
in the intestinal lumen such gels decrease pan-
creatic lipase activity and interfere with the 
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incorporation of cholesterol into micelles [120]. 
This effect, however, may not be considered as 
prebiotic as it does not occur through the modu-
lation of the colonic microbiota.

As previously stated, the fermentation of 
prebiotics in the colon produces high amounts 
of ScFAs, mainly acetate, propionate and 
butyrate. once absorbed by the colonic mucosa, 
acetate and propionate reach the systemic circu-
lation and arrive in the liver. In this organ, ace-
tate may be used as a substrate for the de novo 
synthesis of triglycerides and cholesterol while 
propionate tends to exert an antagonist effect 
by inhibiting the genic expression of lipogenic 
enzymes involved in the synthesis of these mole-
cules [121, 122]. In consequence, the propion-
ate/acetate ratio produced by the fermentation 
of prebiotics is an important factor in deter-
mining their capacity to decrease circulating  
lipids.

The majority of studies that evaluated the 
effects of prebiotics on blood lipids have been 
done with inulin and oligofructose. Although 
convincing lipid-lowering effects have been 
observed in animals, high doses had to be used. 
Few studies have been carried out in humans 
and their results are contradictory. while some 
do not report any effects of inulin or oligo-
fructose on serum lipids in normolipidemic sub-
jects, others have shown reductions in serum 
triglycerides, with moderate changes in serum 
total and LdL cholesterol; in hyperlipidemic 
subjects the primary effect is the lowering of 
cholesterol levels [119].

2.7. Prebiotics and the regulation of 
Food Intake

obesity is an important public health prob-
lem worldwide as it constitutes a risk factor 
for the development of chronic diseases such 
as type 2 diabetes and cardiovascular dis-
eases. one of the most interesting aspects of 
prebiotic use is their capacity for modulating  
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food intake. Studies in animal models have  
demonstrated that the administration of oligof-
ructose in rats stimulates in the epithelium of 
the distal ileon the differentiation of enteroendo-
crine L cells and their subsequent release of the 
incretin Glucagon Like Peptide-1 (GLP-1) [123, 
124]. In addition to its insulin-like effects, GLP-
1 exerts anorexigenic effects in the central nerv-
ous system, resulting in lower food intake and 
decreased weight gain. Some studies in humans 
seem to confirm these observations, suggesting 
that the incorporation of FoS in foodstuffs may 
be an interesting tool for appetite regulation 
[118, 125].

2.8. Prebiotics and Intestinal Transit  
and Constipation

constipation is a common ailment in children 
and adults and its prevalence tends to be even 
higher in the elderly. The composition of the 
intestinal microbiota changes with age, with a 
marked decrease of the Bifidobacterium population 
[126]; it has been proposed that this phenomenon 
is implicated in the genesis of the constipation. 
In fact, it is known that alterations of the intesti-
nal microbiota can affect intestinal motility, and 
that the ScFAs produced by the fermentative pro-
cesses (involving bifidobacteria) have an impor-
tant effect on transit time. In consequence, it has 
been proposed that probiotics and/or prebiotics 
could be useful tools in the dietary management 
of constipation, by increasing the numbers of 
bifidobacteria. It is interesting to note that lactu-
lose, a widely used laxative, is also a prebiotic as 
it is not digestible in the small intestine and can 
be used as a substrate to stimulate Bifidobacterium 
growth in the colon [127]. other prebiotics such 
as lactitol, GoS and FoS have also proven effec-
tive in treating chronic constipation in the elderly 
[128–130]. Mixtures of GoS/FoS incorporated 
to infant milk formulae have also been shown to 
soften stool consistency in constipated children 
[131, 132].
A. InTRodUcTIon
3. CoNCLUSIoN

The information reviewed indicates that there 
is a growing understanding of the role played by 
the resident microbiota on human health, includ-
ing the prevention or amelioration of a number 
of conditions and symptoms. while probiotics 
are foreign microbial agents that act as enzymatic 
systems and stimulate the local and systemic 
immune system, prebiotics act by stimulating 
colonic fermentative processes and enhancing the 
proliferation of endogenous species and strains 
of bacteria. It has been shown that prebiotics 
may exert additional systemic effects through the 
stimulation of endocrine mechanisms that regu-
late satiety and weight gain.
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C H A P T E R
1. StrUCtUrE AnD fUnCtion 
of thE livEr

The liver is the largest solid organ in the body 
and is located in the right upper quadrant of the 
abdomen, just below the diaphragm. The weight 
ranges from approximately 1300 grams in females 
to 1800 grams in males, and constitutes approxi-
mately 1.8–3.1% of total bodyweight. The liver 
has a typical wedge-shape, with its tip pointing  
to the spleen and the base against the right 
abdominal wall. The liver reaches from the fifth 
intercostal space in the midclavicular line down 
to the right costal margin. Two lobes form the 
liver, a large right lobe and smaller left lobe. The 
two lobes are separated by the falciform ligament, 
which also connects the liver to the diaphragm 
and anterior abdominal wall. In the centre of the 
inferior liver surface the hilus is located, which 
consists of the portal vein, hepatic artery, common 
hepatic duct, lymph vessels and hepatic nerve 
plexus. The porta hepatica is where veins and 
arteries enter the liver and bile canaliculi leave 
the liver. These structures are all held together 
97Bioactive Foods in Promoting Health: Probiotics and Prebiotics 
by the perivascular fibrous capsule. Twenty-five 
percent of the blood supply to the liver comes 
from the hepatic artery and 75% comes from the 
portal vein system. The oxygen supply comes for 
50% from the arterial blood supply and for 50% 
from the relatively oxygen deprived portal vein 
system.

The liver has numerous roles, including the 
removal and excretion of drugs, body wastes, 
and hormones; synthesis of plasma proteins; 
production of bile; removal of bilirubin; storage 
of vitamins, minerals, and sugars; processing 
of nutrients absorbed from the digestive tract; 
production of immune factors; and removal of 
bacteria (Table 7.1). Hepatocytes make up the 
bulk of the organ and are arranged in plates that 
radiate from each portal triad towards adjacent 
central veins. All hepatocytes appear to perform 
the same physiological and metabolic functions, 
although there is some functional heterogene-
ity within the various lobes due to the presence 
of nutrient and hormonal gradients within the 
liver. Sinusoidal lining cells comprise at least 
four distinct cellular populations: endothelial 
cells, Kupffer cells, stellate (perisinusoidal) cells, 
© 2010, Elsevier Inc. All rights reserved.
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and pit cells. endothelial cells are flattened elon-
gated sinusoidal cells. numerous cytoplasmic 
projections and clustered fenestrae are present, 
and function as a filtration barrier. A main func-
tion of the endothelial cell is filtration of various 
macromolecules from the sinusoidal blood, thus 
enabling substances such as glycoproteins and 
polysaccharides direct contact with hepatocytes, 
but excluding and protecting the liver from 

tABlE 7.1 Functions of the liver

Function Compound

Hemostasis Vitamins (fat-soluble: A, D, e, K)
Proteins
Fat and cholesterol
Hormones

Synthesis Proteins including the clotting factors
bile acids
Heparin
Somatomedins
estrogen
Angiotensinogen
cholesterol
Acute phase proteins

Storage Vitamins
Glycogen
cholesterol
Iron, copper
Fats

excretion cholesterol, bile acids, phospholipids
bilirubin
Drugs
Poisons including heavy metals
Hormones

Filtration Toxins
nutrients including amino acids,  
sugars, and fats
bilirubin, bile acids
IgA
Drugs
Dead or damaged cells in circulatory 
system

Immune excretes IgA into lumen of intestinal 
tract
Kupffer cells
b. PrebIoTIcS In He
larger cellular components. Kupffer cells are tis-
sue macrophages that form an important part  
of the body’s reticuloendothelial system. The 
major functions of Kupffer cells include phago-
cytosis of foreign particles, removal of endotox-
ins and other toxic substances, and modulation 
of the immune response through the release of 
mediators. Stellate cells (also called perisinusoidal  
fat-storing or Ito cells) store vitamin A, and 
transform into fibroblasts in response to hepatic 
injury, thus contributing to hepatic fibrosis.  
Pit cells (also called liver-associated lymphocytes 
and large granulae lymphocytes) are non- 
parenchymal T cells distributed within the sinu-
soidal lumen in loose contact with the endothe-
lial or Kupffer cells. These cells function as 
natural killer cells.

2. GUt-livEr AxiS

The ability of the intestinal tract to act as a 
barrier between the massive load of microbes in 
the gut lumen and the closely regulated inter-
nal milieu is absolutely essential for human 
health. In our evolution as vertebrates we have 
developed elegant mechanisms to co-exist with 
bacteria. colonization of the intestine with bac-
teria begins during the birth process, and within 
several months, a relatively stable bacterial 
population resides in our intestines. Intestinal 
microflora produce numerous compounds (i.e. 
ammonia, ethanol, acetaldehyde, phenols, ben-
zodiazepines) which affect and are metabolized 
by the liver. In addition, microbial cellular struc-
tures (lipopolysaccharide, DnA, lipoteichoic 
acid) and secreted bioactive factors influence the 
host physiology and immune system through 
interactions with both the innate and the adap-
tive immune system. A failure of the intestinal 
tract to maintain gut microbes within the lumen 
appears to have a key role in the pathogenesis 
of various liver diseases and sepsis. There is 
some evidence that bacterial translocation and 
AlTH PromoTIon
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resultant endotoxemia induce an inflammatory 
response that triggers the cachexia syndrome 
in liver disease. In addition, endoscopy studies 
have demonstrated mucosal inflammation and 
altered gut microflora in patients with liver dis-
ease and portal hypertension, which in and of 
themselves would then contribute to systemic 
inflammation in the liver. Several strains of pro-
biotics have demonstrated effectiveness in mod-
ulating gut permeability and cytokine secretion, 
thus the rationale for using these strains to 
potentially treat or prevent liver disease is an 
attractive prospect. Altering gut microflora with 
non-invasive and immunomodulatory probi-
otic organisms has been proposed as adjunctive 
therapy to reduce the level of bacterial trans-
location and prevent the onset of sepsis and 
liver disease. This chapter focuses on the latest 
evidence on the use of pre- and probiotics in 
liver disease, including non-alcoholic fatty liver 
disease, alcoholic liver disease, cirrhosis, spon-
taneous bacterial peritonitis, hepatic encepha-
lopathy, and liver transplantation and resection.

3. ProBiotiC EffECtS in 
ExPEriMEntAl AniMAl MoDElS 

of livEr injUry

Different experimental animal liver disease 
models have been used to study the efficacy of 
pro- and prebiotics. These models are especially 
useful to identify and provide insight into pos-
sible mechanisms of pro- and prebiotics in the 
treatment and/or prevention of liver disease.

3.1. Animal Models of Acute  
liver injury

numerous studies have shown probiotic 
treatment to reduce bacterial translocation and 
decrease hepatocellular damage in acute liver 
injury animal models (Table 7.2). one of the 
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most commonly used models of acute liver 
injury involves the injection of D-galactosamine 
(D-Galn) with or without lipopolysaccharide 
(lPS) as D-galactosamine (D-Galn) increases 
the susceptibility of mice to lPS-induced injury 
by impairing liver metabolism [1]. rectal admin-
istration of probiotic bacteria (L. reuteri, L. rham-
nosus, L. plantarum, L. fermentum) in combination 
with arginine in the D-Galn model resulted in 
decreased hepatic inflammatory cell infiltration 
and hepatocellular necrosis. This was associated 
with decreased bacterial translocation in the pro-
biotic treated animals. In this study, L. plantarum 
clearly showed superior results compared to the 
other probiotic strains [2].

In a second study in this model, the beneficial 
effects of L. plantarum with arginine were con-
firmed in that liver enzymes and bilirubin levels 
were decreased [3]. In another study, pre-treat-
ment with oral VSl#3 (Bifidobacterium longum, 
Bifidobacterium breve, Bifidobacterium infan-
tis, Lactobacillus casei, Lactobacillus plantarum, 
Lactobacillus acidophilus, Lactobacillus delbrueckii 
subsp. Bulgaricus, Streptococcus salivarius subsp. 
Thermophilus) prevented the breakdown in intes-
tinal barrier function, reduced bacterial translo-
cation, and significantly attenuated liver injury 
in an lPS/Galn liver injury model through a 
PPAr?-dependent mechanism [4]. lactulose, a 
prebiotic, and L. plantarum prevented liver injury 
and bacterial translocation in a study by Kasravi 
et al. [5]. In addition, a remarkable decrease in 
enterobacteriaceae counts in the intestine was 
observed in lactobacilli treated rats [5].

A difference in effect of bifidobacteria strains 
compared to lactobacilli has been described. 
one study using the strains B. animalis,  
L. acidophilus, L. rhamnosus and L. plantarum 
demonstrated that while the lactobacilli strains 
reduced bacterial translocation and hepato-
cellular damage, B. animalis treatment actu-
ally increased bacterial translocation to the 
mesenteric lymph nodes and did not prevent 
hepatocellular damage [6]. A similar failure 
of a Bifidobacterium strain was seen in a study 
AlTH PromoTIon
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tABlE 7.2 Pre- and probiotics in experimental animal models of liver disease

Study reference Animal model Pro/prebiotics and  
dose

Treatment 
duration 
(days) (prior or 
following)

Study outcome

Adawi 1997 [2] D-galactosamine L. reuteri, L. rhamnosus,  
L. plantarum, L. fermentum 
( 2% arginine); 
3  109 cfu/day

8 prior ↓ bT and translocated bacteria. 
↓ liver enzymes, bilirubin, 
necrosis and inflammatory cell 
infiltration with L. plantarum.

Adawi 1998 [3] D-galactosamine L. plantarum arginine; 
3  109 cfu/day

8 prior ↓ liver enzymes and bilirubin.

Adawi 2001 [6] D-galactosamine B. animalis, L. acidophilus,  
L. rhamnosus, L. rhamnosus, 
L. plantarum;  
3  109 cfu/day

8 prior lactobacilli reduced bT and 
hepatocellular damage; B. 
animalis increased bT to mln.

Kasravi 1997 [5] D-galactosamine L. reuteri, L. plantarum, 
lactulose;  
2.5–5  109 cfu/day

8 prior lactulose decreased liver 
injury and bT; Lactobacillus 
( neomycin) moderately 
decreased liver injury and bT.

osman 2007 [7] D-galactosamine L. plantarum, B. infantis 
(6  108 cfu/day)  
 blueberry powder

8 prior Decreased AlT, bilirubin, 
TnF-α, mPo and acetic acid, 
increased glutathione values; 
decreased liver Il-1, bT (except 
B. infantis group).

ewaschuk 2007 [4] D-galactosamine  
lPS sepsis

VSl#3; 2.8  108 cfu/day 7 prior Prevention of breakdown in 
intestinal barrier function, 
reduced bT and attenuated liver 
injury.

neyrinck 2004 [10] liver injury after 
endotoxic shock and 
sepsis

FoS (10 g/100 g) 21 prior Decreased AlT, histologic liver 
damage, increased numbers of 
large phagocytic Kupffer cells, 
improved lPS clearance.

Wiest 2003 [8] Portal hypertension Lactobacillus;  
8  109 cfu/day

9 prior no changes in bT or bacterial 
flora compared to placebo.

marotta 2005 [9] Alcohol pancreatitis 
related liver damage

L. acidophilus, L. helveticus, 
Bifidobacterium

21 following Decreased AlT, AST, endotoxin 
levels, improved histological 
steatosis score.

Xing 2005 [11] Ischemia reperfusion 
liver injury

B. catenulatum, L. fermentum 
or both (1.2  109 cfu/day)

8 prior Decreased endotoxemia, AlT, 
TnF-α, mDA; ameliorated 
liver histology and intestinal 
mucosal ultrastructure, reduced 
bT, increased lactobacilli and 
bifidobacteria.

bT, bacterial translocation; mln, mesenteric lymph nodes; AlT, alanine transaminase; mPo, myeloperoxidase; lPS, 
lipopolysaccharide; AST, aspartate aminotransferase; mDA, malondialdehyde; TnF, tumor necrosis factor; FoS,  
fructo-oligosaccharide.
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by osman et al. [7]. In this study, Lactobacillus 
plantarum and Bifidobacterium infantis adminis-
tration with or without added blueberry powder 
were investigated. While a significant decrease 
was seen in all treated groups for bilirubin, liver 
TnF-α, myeloperoxidase activity, and caecal 
acetic acid content, only L. plantarum decreased 
liver Il-1 secretion and bacterial transloca-
tion to the liver and lymph nodes [7]. However, 
Lactobacillus acidophilus or Lactobacillus GG con-
taining yogurt did not influence bacterial trans-
location or intestinal flora in portal vein ligated 
rats, which is a model of prehepatic portal 
hypertension [8].

A mixture of Lactobacillus acidophilus, 
Lactobacillus helveticus and bifidobacteria 
decreased AlT, AST, endotoxin levels and his-
tological steatosis score in an experimental 
acute alcohol pancreatitis-related rat model [9]. 
Prebiotic treatment has also shown some ben-
efit in acute injury models. rats treated with 
fructo-oligosaccharides showed decreased AlT 
levels compared to controls, less histological 
liver damage, and increased numbers of large 
phagocytic Kupffer cells with improved capa-
bility of TnF-α clearance [10]. The effects of 
Lactobacillus and Bifidobacterium on ischemia-
reperfusion liver injury have also been investi-
gated. Treatment with either B. catenulatum or 
L. fermentum resulted in decreased endotoxemia 
and improved liver function and structure. 
Again, this was associated with reduced bacte-
rial translocation [11].

3.2. Summary

Despite some contradictory results, ani-
mal studies predominantly show a positive 
effect of pro- and prebiotic treatment in acute  
liver injury models. Improvement of bacte-
rial translocation, decreased liver enzymes and 
pro-inflammatory cytokines and decreased 
hepatocellular damage have been observed in 
several studies of acute liver injury. There is a 
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clear strain-dependence to the beneficial effects. 
Although results from animal studies cannot be 
directly translated to the human condition, they 
do help to unravel the possible mechanisms 
of pro- and prebiotics, and clearly point to an 
effect on gut barrier function to be important in 
the ability of probiotics and prebiotics to amel-
iorate liver injury.

4. non-AlCoholiC AnD 
AlCoholiC fAtty livEr DiSEASE 

AnD CirrhoSiS

non-alcoholic fatty liver disease (nAFlD) 
represents a spectrum of alterations in liver his-
tology characterized by predominantly macro-
vesicular steatosis that by definition are not 
caused by the over-consumption of alcohol [12, 
13]. nAFlD comprises a group of liver diseases 
including simple fatty liver (steatosis), non- 
alcoholic steatohepatitis (nASH) and cirrhosis 
(end-stage irreversible liver disease with scarring) 
[12, 14]. All of these refer to a state of accumula-
tion of fat in the liver cells. liver steatosis is often 
associated with a number of conditions including 
obesity, malnutrition, intestinal malabsorption,  
insulin resistance, metabolic syndrome and endo-
crine disease. It can also develop in response to 
hepatotoxic drugs, alcohol, accumulation of tran-
sition metals and hepatitis c infection [15, 16]. 
nASH represents an advanced stage of fatty liver 
disease and is associated with different degrees 
of inflammation and scarring of the liver. A clear 
link between bacterial overgrowth and liver dam-
age in nAFlD and nASH has been established 
[17]. These conditions may progress to cirrhosis. 
no established treatment exists for this poten-
tially serious disorder. current management 
of nAFlD and nASH is largely conservative 
and includes diet regimen, aerobic exercise, and 
interventions towards the associated metabolic 
abnormalities. The primary concern is to prevent 
progression to end-stage liver cirrhosis and liver 
eAlTH PromoTIon
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failure. Among the most promising medications 
are weight reducing drugs (sibutramin, orlistat), 
insulin sensitizers (metformin, rosiglitazone), 
lipid lowering agents (clofibrate, probucol, gem-
fibrozil), antioxidants, and cytoprotective agents 
(acetylcysteine, vitamin e, ursodeoxycholate). 
However, to date no definitive therapy or treat-
ment has been established [18].

Alcoholic liver disease (AlD) is the major 
cause of liver disease in western countries. 
Histopathologically, AlD is very similar to 
nAFlD. Pathogenic mechanisms are also similar 
(i.e. increased endogenous production of etha-
nol, direct activation of inflammatory cytokines 
in luminal cells and non-parenchymal liver cells). 
causes and most important treatment (absti-
nence) are obviously different.

liver cirrhosis is a frequent phenomenon and 
final consequence of various chronic liver diseases 
such as alcohol abuse, autoimmune hepatitis, 
hepatitis b and c virus and hemochromatosis. 
liver cirrhosis is characterized by replacement of 
liver tissue by fibrous scar tissue and regenera-
tive nodules, which leads to progressive loss of 
liver function [19–22].

4.1. Probiotic Effects in Animal Models 
of Chronic liver Disease

The intestinal microflora is an important fac-
tor in the pathogenesis of fatty liver disease. 
Treatments aimed at reducing bacterial over-
growth inhibit the development of steatohepatitis 
[23–25]. Several studies have examined the abil-
ity of probiotics to attenuate liver disease in vari-
ous chronic models (Table 7.3). A high fat diet has 
been shown to deplete hepatic natural killer T cell 
(nKT) function leading to the development of 
insulin resistance and hepatic steatosis. Probiotics 
(VSl#3) were shown to improve hepatic steatosis 
in mice on a high fat diet by preventing hepatic 
natural killer cell depletion [26]. In a control-
led study in ob/ob mice, a model of nAFlD, 
treatment with VSl#3 improved liver histology,  
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reduced hepatic total fatty acid content, and 
decreased serum AlT levels. Furthermore, TnF-
α activity was significantly reduced in VSl#3 
treated mice, as well as insulin resistance [27].  
The hypothesis that probiotic VSl#3 ameliorates 
the methionin-choline-deficient (mcD) diet-
induced mouse model of nASH was tested by 
Velayudham et al. [28]. Although VSl#3 failed to 
prevent mcD-induced liver steatosis or inflam-
mation, VSl#3 did reduce mcD diet-induced 
liver fibrosis resulting in diminished accumula-
tion of collage and α-smooth muscle actin [28]. 
In an alcohol-induced injury model, nanji et 
al. [24] demonstrated that rats fed Lactobacillus 
GG in addition to ethanol had a lower pathol-
ogy score and reduced plasma endotoxin lev-
els. In models using carbon tetrachloride (ccl4) 
to induce hepatic fibrosis, studies have shown 
strains of Lactobacillus (L. brevis, L. acidophilus) and 
Bifidobacterium (B. longum) to have a hepatopro-
tective effect by inhibiting -glucoronidase pro-
ductivity [29, 30]. -glucuronidase is an enzyme 
that transforms endogenous and exogenous 
compounds, such as benzopyrene glucuronides 
to toxic compounds. Lactobacillus GG, however, 
failed to prevent bacterial translocation [31]. A 
combination of antioxidants with Lactobacillus 
johnsonii also showed beneficial effects in this 
model in that the treatment suppressed bacte-
rial translocation to mesenteric lymph nodes, 
reduced ileal and cecal counts of enterobacteria 
and enterococci, and reduced intestinal malondi-
aldehyde levels and endotoxemia [32].

nicaise et al. [33] studied the effects of a wild-
type L. plantarum strain and a genetically engineered 
ammonia hyperconsuming strain of L. plantarum  
on hyperammonia in two different rodent models  
of liver disease (ccl4 model of chronic liver 
insufficiency, and TcA-induced acute liver 
injury). Ammonia levels were decreased in the 
chronic liver insufficiency model by Lactobacillus 
administration. In the TcA model, probiotics 
significantly increased survival and decreased 
blood and fecal ammonia levels. The geneti-
cally engineered Lactobacillus strain showed a  
AlTH PromoTIon
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tABlE 7.3 Pre- and probiotics in animal models of cirrhosis

Reference Animal model Pro/prebiotics and 
dose

Treatment 
duration

Study outcome

ma 2008 [26] High fat induced 
hepatic steatosis 
rat model

VSl#3, 1.5  109 cfu/
day

4 weeks Protection against nKT cell 
depletion, insulin resistance 
and hepatic steatosis, reduced 
inflammatory signaling.

liu 2003 [27] ob/ob mice 
nAFlD model

VSl#3, 1.5  109 cfu/
day

4 weeks Slightly improved liver histology, 
reduced hepatic total fatty acid 
content, decreased AlT.

Velayudham 2009 [28] mcD diet 
induced nASH 
mouse model

VSl#3 10 weeks Improvement of liver fibrosis; no 
protection against inflammation 
and steatosis formation.

nanji 1994 [24] Alcoholic 
induced liver 
injury

L. GG (1010 cfu/day) 4 weeks reduced pathology score and 
lower endotoxin levels.

Han 2004 [29] ccl4 L. brevis, L. acidophilus, 
B. longum (0.5–2 gram/
kg bwt)

4 weeks Inhibition of b-glucuronidase 
production, reduced AST and AlT.

bauer 2002 [31] ccl4 L. GG  
(1–2  109 cfu/day)  
 norfloxacin

8–10 days Failure to prevent bT and 
ascitic fluid infection, in spite of 
successful intestinal colonization.

nicaise 2008 [33] TcA & ccl4 L. plantarum, wildtype 
or hyperammonia 
consuming genetically 
engineered strain  
107–9 cfu/day (TcA) and 
1010 cfu/day (ccl4)

3–4 days Increased survival, reduced 
astrocyte swelling, decreased 
blood and fecal ammonia levels in 
both models with probiotics.

chiva 2002 [32] ccl4 cirrhosis L. johnsonii,  
109 cfu/day

10 days Decreased enterobacteria and 
enterococci, bT, mDA levels and 
endotoxemia.

nKT, natural killer T cell; AlT, alanine transaminase; AST, aspartate transaminase; bT, bacterial translocation; mDA, 
malondialdehyde; nAFlD, non-alcoholic fatty liver disease; mcD, methionine choline deficient; ccl4, carbon 
tetrachloride; TcA, tricarboxylic acid.
beneficial effect at a lower dose than the wild-
type strain [33].

4.2. Probiotic Effects in human Studies

The effects of VSl#3 on hepatic steatosis were 
evaluated in an open-labeled pilot trial in four 
adult patients [34]. Patients received VSl#3 for 
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4 months at which time liver fat was measured 
by proton magnetic resonance spectroscopy. 
Unexpectedly, all four subjects experienced  
a significant increase in liver fat at the end of  
4 months, which failed to support the hypoth-
esis that probiotics would reduce hepatic stea-
tosis in humans [34]. In another study, 66  
adult males admitted to a psychiatric hospital 
with a diagnosis of alcoholic psychosis were 
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enrolled in a prospective rcT to study the 
effects of probiotics on bowel flora and alco-
hol-induced liver injury [35]. Patients were 
randomized to receive 5 days of B. bifidum and  
L. plantarum versus standard therapy (absti-
nence plus vitamins). After 5 days of probiotic 
therapy alcoholic patients had significantly 
increased numbers of both bifidobacteria and 
lactobacilli compared to the standard treated 
group along with lower AST and AlT scores 
[35]. A study performed by liu et al. [36] with 
Synbiotic 2000 or prebiotics alone showed that 
after 1 month of therapy the child-Pugh clas-
sification improved in 47% of synbiotic treated 
patients compared to 8% of patients receiving 
placebo and 29% of patients receiving prebiot-
ics. Improved outcome measures were serum 
albumin, bilirubin and prothrombin time [36] 
(Table 7.4).

Another randomized controlled study 
administered Escherichia coli nissle bacteria 
to cirrhotic patients for 42 days [37]. A control 
group received a sucrose placebo capsule. An 
improvement of child-Pugh score (resulting 
from decrease in bilirubin level and improve-
ment of ascites and endotoxemia) and a trend 
toward lower endotoxin levels was observed, 
although the results were not statistically sig-
nificant. In the E. coli nissle treated group 
an increase of colonization with Lactobacillus 
spp. and Bifidobacterium spp. from 33 to 50% 
occurred, whereas in the placebo treated group 
no important changes in the microbiologi-
cal composition were found [37]. The effect of 
probiotic treatment on neutrophil function and 
cytokine responses in patients with compen-
sated alcoholic cirrhosis was investigated by 
Stadlbauer et al. [38]. Twelve patients received 
Lactobacillus casei three times daily for 4 weeks. 
Data were compared to healthy patients and cir-
rhotic patients not receiving probiotics. baseline 
neutrophil phagocytic capacity in patients was 
significantly lower compared to healthy con-
trols, but normalized at the end of the study, 
whereas non-treated patients didn’t improve. 
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Il-10 secretion, endotoxin-stimulated levels  
of sTnFr1 and 2 were significantly lower at  
the end of the study as was Tlr4 expres-
sion [38]. A third study investigated the effect 
of a combination of probiotics (L. acidophilus,  
B. bifidus, L. rhamnosus, L. plantarum, L. salivar-
ius, L. bulgaricus, L. lactis, L. casei, B. breve) and 
a prebiotic (fructo-oligosaccharide) in HcV-
related chronic hepatitis, alcoholic cirrhosis 
and nASH patients [39]. liver transaminases, 
total proteins, albumin, λ-globulins, cytokines, 
malondialdehyde and 4-hydroxinonenal were 
measured. Three months of treatment did not 
affect any of the parameters in HcV-related 
chronic hepatitis patients. nASH patients 
showed a decrease in AlT and λ-GT at the end 
of treatment. In alcoholic cirrhosis patients a sig-
nificant improvement of liver damage and liver 
function tests was observed [39]. Another study 
investigated the effects of VSl#3 in nAFlD and 
alcoholic cirrhotic patients compared to HcV 
positive patients with chronic hepatitis with or 
without liver cirrhosis. A significant improve-
ment in plasma levels of mDA and 4-Hne were 
found in both nAFlD and alcoholic liver cir-
rhosis patients. cytokine levels (Il-6, Il-10 and 
TnF-α) only improved in the alcoholic liver cir-
rhosis patients. no such improvements were 
seen in the HcV patients. However, routine 
liver damage tests and plasma S-no levels were 
improved in all patients at the end of treatment 
[40]. A small study studied the effects of VSl#3 
treatment in compensated or early decompen-
sated cirrhosis patients [41]. Decreased plasma 
endotoxin levels, increased TnF-α serum levels, 
and a significant reduction in plasma aldoster-
one was observed. no changes in the hepatic 
venous pressure gradient or intestinal perme-
ability were found.

Summary

In both animal and human studies pro- and 
prebiotic treatment ameliorated and prevented 
liver damage in nAFlD. only one small study 
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tABlE 7.4 Pre- and probiotics in human studies of cirrhosis

Study reference Study design Pro/prebiotics and dose Treatment 
duration

Study outcome

Solga 2008 [34] Steatosis pts (n  4) VSl#3 4 months ↑ in liver fat.

Kirpich 2008 [35] AlD, open-labeled, 
randomized 
prospective trial 
(n  66)

B. bifidum (0.9  108 cfu/ 
day and L. plantarum 
(0.9  109 cfu/day)

5 days ↑ fecal bifidobacteria and 
lactobacilli, ↓ AST and AlT.

liu 2004 [36] cirrhosis with mHe 
(n  97)

2.5 g each of beta glucan, 
inulin, pectin, resistant 
starch  freeze-dried P. 
pentosaceus, L. mesenteroides, 
L. paracasei, L. plantarum 
(1010 cfu/day each)

30 days ↑ fecal content of lactobacilli, 
↓ ammonia levels, reversal 
of mHe, ↓ in endotoxemia, 
improved child-Pugh score; 
synbiotics more beneficial.

lata 2007 [37] cirrhosis (n  39) E. coli nissle 2.5–
25  109 cfu/day

42 days ↓ endotoxemia, improvement of 
child-Pugh score.

Stadlbauer  
2008 [38]

compensated 
alcoholic cirrhosis 
(n  32)

Lactobacillus casei shirota 
(2  1010/day)

4 weeks normalization of neutrophil 
phagocytic capacity, endotoxin 
stimulated levels of sTnFr1,2 
and Il-10 decreased. Tlr4 
expression normalized.

loguercio  
2002 [39]

HcV-related chronic 
hepatitis, alcoholic 
cirrhosis, nASH 
(n  32)

L. acidophilus, bifidus, 
rhamnosus, plantarum, 
salivarius, bulgaricus, lactis, 
casei, breve, FoS

3 months nASH: improvement AlT 
and -GT; alcoholic cirrhosis: 
improvement of liver damage, 
function tests; HcV pts no 
improvements.

loguercio  
2005 [40]

nAFlD, alcoholic 
liver cirrhosis, 
chronic hepatitis, 
HcV related 
cirrhosis (n  78)

VSl#3, 450 billion (2  2/die) 3 months ↓ AlT, AST, S-no levels; 
nAFlD and Ac improved 
levels of mDA and 4-Hne; 
TnF-α, Il-6 and Il-10 reduction 
in Ac group.

Tandon 2009 [41] compensated 
or very early 
decompensated 
cirrhosis (n  8)

VSl#3 (1.8  1010) twice 
daily

2 months ↓ plasma endotoxin levels, 
 ↑TnF-α serum levels, ↓ in  
plasma aldosteron. no change in 
HVPG or intestinal permeability.

AST, aspartate transaminase; AlT, alanine transaminase; mHe, minimal hepatic encephalopathy; Tlr, toll-like receptor; 
nASH, non-alcoholic steato-hepatitis; -GT, gamma-glutamyl transaminase; HcV, hepatitis c virus; S-no, S-nitrosothiols; 
nAFlD, non-alcoholic fatty liver disease; Ac, alcoholic cirrhosis; mDA, malondialdehyde; 4-Hne, 4-hydroxynonenal; 
AlD, alcoholic liver disease; FoS, fructo-oligosaccharide; HVPG, hepatic venous pressure gradient.
showed an increase in liver fat. The majority of 
studies observed reduced hepatic steatosis for-
mation, reduced pathology scores, lowered endo-
toxin levels, decreased liver enzymes, decreased 
ammonia levels and improved child-Pugh 
score. Interestingly there was no improvement in  
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hepatitis c patients after probiotic treatment and 
in more advanced disease pro- and prebiotics 
were not able to ameliorate disease. This indi-
cates that administration will probably be mostly 
useful in preventing progression of disease more 
than improving end-stage liver disease.
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4.3. hepatic Encephalopathy

Hepatic encephalopathy (He) is a common 
and serious complication of chronic liver dis-
ease which may substantially impair daily func-
tioning and quality of life in patients [42–44]. 
minimal He (mHe) is a term that describes 
patients with chronic liver disease who have no 
clinical symptoms of brain dysfunction, but do 
perform worse on psychometric tests compared 
to healthy controls [44–47]. mHe affects as much 
as 60% of cirrhotic patients. The exact pathogen-
esis of He still remains uncertain and is probably 
multifactorial. Gut flora metabolism products, 
such as ammonia, endotoxin, mercaptans and 
benzodiazepine-like substances, have been  
recognized as important factors in recent years 
[43, 48, 49]. Treatment of He aims at the reduc-
tion of the production and absorption of these 
toxins by modulating the type and quantity of 
protein intake, reducing intestinal transit time 
and modifying microbial flora by reducing prote-
olytic and increasing saccharolytic flora [50–53]. 
Present treatment strategies include lactulose (a 
prebiotic) and poorly absorbable antibiotics (neo-
mycin) [54]. lactulose remains undigested until 
it reaches the colon where it functions to inhibit 
bacterial ammonia production and trap ammo-
nia as non-diffusable ammonium in the intestinal 
lumen [55]. This may not be the optimal therapy 
for all He patients, however, due to side effects 
and patients’ poor compliance with therapy. 
Some patients find lactulose unpalatable and lac-
tulose use is associated with increased flatulence, 
diarrhea and abdominal pain. Therefore other 
safe and better tolerated treatment options, like 
probiotics and other prebiotics are being evalu-
ated [56] (Table 7.5).

Probiotics may have multiple beneficial effects 
in the treatment of minimal He by modulat-
ing the microflora which can lead to decreased 
ammonia levels. This can be achieved by decreas-
ing intestinal permeability and bacterial urease 
secretion, increasing ammonia excretion and 
improving nutritional status of gut epithelial 
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cells. Furthermore, probiotics can decrease oxi-
dative stress and inflammation in hepatocytes 
which leads to increased function and capacity to 
clear and decrease uptake of toxins and ammonia 
[17, 57, 58].

In a study by Jia et al. [56], the effects of 
Golden bifid (a highly concentrated combination 
of probiotic containing lactobacilli, bifidobac-
teria and a mixture of Streptococcus thermophilus 
strains) were compared with lactulose in a rat 
experimental mHe model induced by thio-
acetamide. In this study both probiotics and lac-
tulose lowered the levels of hyperammonemia 
and hyperendotoxemia, thereby decreasing the 
incidence of mHe and inflammatory reaction in 
the liver [57]. one of the earliest human studies 
using probiotic therapy in hepatic encephalopa-
thy was reported by macbeth et al. in 1965 [59]. 
Two He patients were treated with Lactobacillus 
acidophilus and both patients showed a reduction 
in blood ammonia levels and improvement of 
neurological status [59].

A second small study at that time conducted 
by read et al. [60] compared freeze-dried 
Lactobacillus acidophilus (enpac) with and without 
neomycin treatment to normal diet in 10 hepatic 
encephalopathy patients. Sixty percent of patients 
treated with both enpac and neomycin showed a 
decrease in arterial ammonia level. eeG improve-
ments were found in five patients [60].

A pilot, placebo-controlled study of 55 cirrhotic 
patients with mHe performed by liu et al. [36] 
compared the effects of oral supplementation of 
synbiotics (consisting of four freeze-dried bacte-
ria: P. pentosaceus, L. mesenteroides, L. paracasei and 
L. plantarum) along with 10 grams of fermenta-
ble fiber (beta glucan, inulin, pectin and resist-
ant starch (cocktail 2000)). Treatment lasted for 
30 days and was compared to fermentable fiber 
alone or placebo. Prevention of cecal overgrowth 
with Escherichia coli and Staphylococcus spp. was 
observed in the synbiotic group. Lactobacillus 
species were significantly increased. Prebiotic 
treated patients had decreased E. coli bacteria and 
showed a significant increase in bifidobacteria.  
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tABlE 7.5 Pre- and probiotics in hepatic encephalopathy

Study 
reference

Study 
design

Pro/prebiotics and dose Treatment 
duration

Study outcome Adverse effects

Jia 2005 [56] TAA 
animal 
study 
(n  36)

Golden bifid (1.5 g/kg), 
lactulose 8 ml/kg

8 days prior 
to disease 
induction

↓ mHe; ↓ blood ammonia; 
↓ endotoxemia; ↓ liver 
inflammation. no difference 
between lactulose and 
probiotics.

macbeth  
1965 [59]

case 
report 
(n  2)

L. acidophilus  
3–6  1012  cfu/day

3 days ↓ gram-negative flora, ↓ am-
monia, ↑ fecal lactobacilli; 
improved eeG.

not mentioned

read  
1966 [60]

(n  10) Freeze-dried  
L. acidophilus (enpac) 
(2  108  4  108 or 
9  108 cfu/day)

1–4 weeks ↑ fecal lactobacilli; 
improvement in eeG;  
↓ blood ammonia.

High dose 
produced stupor 
(probably due 
to high protein 
level in enpac)

liu 2004 [36] cirrhosis 
with mHe; 
(n  97)

2.5 g each of beta glucan, 
inulin, pectin, resistant 
starch  freeze-dried  
P. pentosaceus,  
L. mesenteroides,  
L. paracasei, L. plantarum 
(1010 cfu/day each);  
30 days

30 days ↑ fecal lactobacilli; ↓ blood 
ammonia; reversal of mHe; 
↓ endotoxemia; improved 
child-Pugh score; synbiotics 
more beneficial.

Well tolerated

loguercio  
1987 [61]

rcT 
(n  40)

e. SF68 6 capsules/day 
or 120 ml lactulose

20 days Probiotics as effective 
as lactulose in ↓ blood 
ammonia, improving mental 
state and psychometric 
performance.

Diarrhea and 
abdominal pain 
reported with 
lactulose

loguercio  
1995 [62]

(n  40) E. faecium (SF68), 
4.5  108 cfu/day, 
lactulose 90 ml/day

34 weeks ↓ blood ammonia and 
enhanced reitan’s test 
times; beneficial effects 
maintained in washout 
period.

no

bajaj  
2008 [50]

rcT 
(n  25)

L. bulgaricus,  
S. thermophilus

60 days Improved mHe 
reversal, improved 
neuropsychological tests, 
protection against oHe 
development.

no

malaguarnera 
2006 [63]

rcT 
(n  60)

B. longum and FoS 
(2.5 g)

90 days ↓ blood ammonia levels 
and ↑ performance on 
neuropsychological tests.

Well tolerated

TAA, thioacetamide; mHe, minimal hepatic encephalopathy; eeG, electroencephalography; rcT, randomized controlled 
trial; oHe, overt hepatic encephalopathy; FoS, fructo-oligosaccharide.
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Placebo treated patients had no change in micro-
flora composition. Furthermore, supply of the 
synbiotic composition or just prebiotics led to a 
significant decrease of venous ammonia, serum 
endotoxin levels, reversal of mHe and improve-
ment of liver function (child-Pugh score) in 
approximately half of the patients. Interestingly, 
fermentable fibers alone were also effective in 
a substantial proportion of patients. All treat-
ments were well-tolerated and there were no 
reports of adverse side effects [36]. Enterococcus 
SF68 improved neurological symptoms, low-
ered ammonia levels and enhanced tolerance 
to protein load in a controlled study in 40 com-
pensated cirrhotic He patients [61]. moreover, 
the effects of Enterococcus persisted 2 weeks after 
treatment withdrawal. This was in contrast to a 
second group receiving 30 ml of lactulose four 
times daily, which improved as well, but effects 
were lost after treatment stopped. Diarrhea and 
abdominal pain were reported with lactulose 
treatment. no adverse effects were reported with 
Enterococcus treatment [61]. loguercio et al. [61] 
compared lactulose treatment with Enterococcus 
faecium SF68 treatment in cirrhotic patients 
with hepatic encephalopathy. Patients received 
one of the two treatments for three periods of 4 
weeks, each interrupted by a 2-week drug free 
interval. After the complete treatment period, 
Enterococcus treated patients showed decreased 
blood ammonia levels and improved neuro-
logical status. These improvements were more 
significant than patients receiving lactulose treat-
ment. Furthermore, Enterococcus treated patients 
maintained improvement after the 2-week drug 
free interval, whereas lactulose treated patients 
returned to basal values during these 2 weeks. 
no adverse effects of Enterococcus treatment were 
reported [62]. In a study by bajaj et al. [50], 25 
non-alcoholic mHe cirrhotics were randomized 
to receive probiotic yogurt or no treatment for 60 
days. A significantly higher percentage of patients 
receiving yogurt reversed mHe compared 
to no treatment patients (71 vs 0%p  0.003). 
Twenty-five percent of control patients versus 
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0% of yogurt patients developed overt hepatic 
encephalopathy during the trial. no adverse 
effects of yogurt treatment were observed 
[50]. A randomized double blind, placebo- 
controlled study performed with Bifidobacterium 
longum and fructo-oligosaccharides (FoS) was 
conducted in 60 cirrhotic patients with mHe 
[63]. neurophysiological, liver function and 
neuropsychological assessments were investi-
gated. After 90 days of treatment ammonia lev-
els were significantly decreased, neurological 
testing and mmSe were significantly improved 
in the Bifidobacterium longum and FoS group 
compared to the control [63].

Summary

The use of prebiotics in hepatic encephalopa-
thy is not new. The effectiveness of lactulose in 
this condition has long been proven and therefore  
lactulose has been the standard therapy. 
However, lactulose can cause many intoler-
able side effects, leading to an increased level of 
research into alternative prebiotic and probiotic 
therapies. Probiotics were shown to be at least as 
effective as lactulose in improving neurophysi-
ological scoring and reducing ammonia blood 
levels. Probiotics were also better tolerated than 
lactulose.

4.4. Spontaneous Bacterial Peritonitis 
and Bacterial translocation in liver 
Disease

Spontaneous bacterial peritonitis (SbP) is 
a common complication in patients with cir-
rhosis. SbP is an infection of the ascetic fluid, 
mostly caused by a single bacterial species 
in the absence of any other intra-abdominal 
source. It is the most characteristic and serious 
infection occurring in patients with cirrhosis. 
SbP results from bacterial translocation which 
is the migration of bacteria from the intesti-
nal lumen to mesenteric lymph nodes or other 
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extra-intestinal sides [64, 65]. cirrhotic patients 
are predisposed to develop SbP and other bacte-
rial infections due to increased potential for bac-
terial overgrowth and bacterial translocation. 
This is caused by increased permeability of the 
small intestinal wall combined with impaired 
antibacterial defense mechanisms [66]. Various 
studies have recorded that patients with liver 
cirrhosis have varying degrees of imbalance 
of the intestinal flora which can predispose for 
bacterial overgrowth and subsequent problems 
of bacterial infection. Functional studies have 
demonstrated that increased intestinal perme-
ability occurs in animal cirrhosis models and 
patients with cirrhosis, especially in those with 
advanced liver disease [67–72].

The inpatient mortality rate associated with  
SbP remains high, in the order of 20–30% 
[73–76]. In response to bT the gut immune system 
produces and releases TnF-α, especially in the  
presence of bacterial overgrowth. The compli-
cations of bacterial infections may have severe 
adverse clinical consequences, since this asso-
ciated increase in pro-inflammatory cytokines 
and endotoxins exacerbates hepatic dysfunction, 
encephalopathy and the hemodynamic distur-
bances that underlie the development of portal 
hypertension and hepatorenal syndrome [66, 
77–79]. In severe cases bacterial infection can lead 
to sepsis, which is a common cause of death in 
patients with cirrhosis [80, 81]. The mortality rate 
associated with bacterial infection in cirrhotic 
patients is more than 20 times higher than that in 
the general population [82].

Prophylactic antibiotic treatment has been 
shown to be of benefit in high risk patients. 
However, long-term use of antibiotics increases 
the risk of infection with antibiotic-resistant  
bacteria as shown in several studies [83–85]. Use 
of nephrotoxic antibiotics also adds to the risk 
of renal failure in this setting [86]. Since bacte-
rial infection is such a severe complication and 
threat in cirrhotic patients and current therapy is 
inadequate, this highlights the need for investi-
gation into non-antibiotic based strategies, such  
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as pre-, pro- and synbiotics. Preliminary data 
of pre- and probiotic treatment in both in vitro 
and in vivo settings of bacterial translocation 
and its infective complications such as SbP are 
emerging. The hypothesis is that probiotics can 
have beneficial effects on the underlying causes 
of SbP, such as intestinal bacterial overgrowth, 
intestinal flora imbalance, impaired barrier func-
tion and bacterial translocation [36, 52, 87–90].  
An additional advantage of probiotic treatment 
could be the decrease in circulating endotoxin 
levels [52, 88].

Summary

To date the only data on the effects of pro- 
and prebiotics and bT are coming from experi-
mental animal studies. These current data are 
somewhat conflicting. most lactobacilli strains 
induce a decrease in bacterial translocation, but 
some bifidobacteria strains increase bacterial 
translocation. Unfortunately, there are no data 
from clinical studies on the effects of pre- and 
probiotics in the prevention of bacterial trans-
location and spontaneous bacterial peritonitis 
in liver disease patients. more rigorous stud-
ies with different probiotic strains are needed 
to investigate which strains are beneficial and 
which may be harmful in this aspect before we 
can use probiotics as a means for prevention of 
bacterial translocation.

4.5. liver transplantation

liver transplantation is a highly successful 
treatment for patients with end-stage liver dis-
ease and acute liver failure. However, serious 
postoperative complications can significantly 
compromise patient survival. Despite advanced 
surgical techniques and broad-spectrum antibi-
otic prophylaxis and treatment, bacterial infec-
tion is still the most common cause of morbidity 
within the first 3 postoperative months [91–93]. 
Therefore prevention of nosocomial infections is 
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a major issue in post-transplant patients. liver 
transplant patients are particularly susceptible to 
bacterial infections, with reported rates as high 
as 30 to 86% [91–93]. Furthermore, postoperative 
infections with subsequent need for antibacte-
rial and antiviral treatments are associated with 
a significantly higher incidence of graft loss [93] 
(Table 7.6).

A new concept in the prevention of post-
transplant complications is the administration 
of pre- and probiotics. Studies in liver trans-
plant patients using early enteral nutrition with 
oat fiber and live or heat-killed L. plantarum 299 
decreased infection rates significantly from 48% 
in the control group (which received conven-
tional selective bowel decontamination with 
tobramycin, amphotericin b and colistin sulfate) 
to 13% with live bacteria and 34% with heat-
killed bacteria. The mean duration of antibiotic 
therapy, total hospital stay and stay on the inten-
sive care unit were also shorter for the group 
receiving live probiotics compared to the other 
two groups. no adverse effects of synbiotics 
were reported and intake was well tolerated [95]. 
A second randomized controlled study investi-
gated the effects of a composition of four lacto-
bacilli and fibers compared to fiber only (n  66). 
Treatment started the day before surgery and 
continued for 14 days. Thirty-day infection rate, 
length of hospital stay, duration of antibiotic ther-
apy, non-infectious complications and side effects 
of enteral nutrition were recorded. In this study 
the incidence of postoperative bacterial infection 
was significantly reduced from 48% with only 
prebiotics to 3% with synbiotics. In addition, 
the use of antibiotics was significantly shorter 
in the latter group. In both groups mainly mild 
or moderate infections occurred. Interestingly, 
non-infectious complication rates were higher in 
synbiotic treated patients compared to prebiotic 
treated patients (36 vs 12%). These complications 
included: biliary tract stenosis or fistulas, lienalis 
steal syndrome, abdominal hemorrhage, acute 
renal failure and non-function of the liver fol-
lowed by re-transplantation [96].
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4.6. liver resection

liver resection is conducted in patients suffer-
ing from liver carcinoma or metastases or when 
part of the liver is donated. After liver resection, 
approximately 30% of patients develop infec-
tions and 10% develop intra-abdominal sepsis 
[97]. If the resection is more extensive the inci-
dence of infection can even be as high as 45% 
[98]. If liver resection is complicated by infection, 
the risk of liver failure is 50% and the mortality 
rate is over 40% [97]. most common causes for 
the development of infection after liver resection 
are the limited hepatic clearance of lPS, exces-
sive cytokine production in the liver, reduction 
of the function of the reticulo-endothelial sys-
tem, and reduced intestinal blood flow [99–102].

one experimental study investigated the effect 
of pre- and probiotics on bacterial transloca-
tion in rats after liver resection, with or without  
simultaneous colon anastomosis. rats were fed 
a combination of four probiotics (P. pentosaceus, 
Lactococcus raffinlocatis, L. paracasei, L. plantarum) 
and four fibers (betaglucan, inulin, pectin and 
resistant starch). Application of the pre- and 
probiotics significantly decreased bacterial con-
centration in lymph nodes, but not liver and 
spleen [103]. These findings are compatible with 
a report in rats with liver failure following 90%  
hepatectomy. In this study, treatment with 
Lactobacillus reuteri in combination with fer-
mentable oatmeal was associated with a signifi-
cant reduction in bacterial translocation [104]. 
Kanazawa et al. investigated the impact of syn-
biotics on the clinical course of hepatectomy in 
bile duct carcinoma patients [105]. Twenty-one 
patients received enteral nutrition plus a synbi-
otic combination of B. breve and L. casei as well 
as galacto-oligosaccharides (12 g/day) postop-
eratively for 14 days. results were compared to 
23 patients only receiving enteral nutrition. In 
the synbiotics group, 19% had bacterial infec-
tions compared to 52% in the control group. 
Furthermore, beneficial bacteria (lactobacilli and 
bifidobacteria) in feces were increased in the 
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tABlE 7.6 Pre- and probiotics in liver transplantation and liver resection (animal and human studies)

Study 
reference

Study design Pro/prebiotics and dose Treatment 
duration

Study outcome Adverse 
effects

rayes  
2002 [95]

rcT (n  95) (liver 
transplantation pts)

L. plantarum live 
(2  109 cfu/day) of 
heat-killed  oat fibers; 
started on day of oK

12 days ↓ bacterial infection, 
(most prominent with 
live bacteria); ↓duration 
of antibiotic therapy and 
mean total hospital stay, 
and IcU stay in live group.

Well 
tolerated

rayes  
2005 [96]

Double-blind 
(n  66) (liver 
transplantation pts)

5 g/day each of 
betaglucan, inulin, 
pectin, resistant  
starch  P. pentosaceus, 
Leuconostoc mesenteroides, 
L. paracasei, L. plantarum 
(2  1010 cfu/day) 
treatment added to 
enteral nutrition

14 days Synbiotics shorter 
antibiotic therapy. 
Synbiotics group 36% 
of non-infectious 
complications, prebiotics 
group 12%. Synbiotics 
group showed lower 
nosocomial infection rates 
than prebiotics (3 vs 48%).

reports of 
diarrhea and 
abdominal 
cramps 
10–20% pts

Seehofer 
2004 [103]

(n  68) (animal 
study liver 
resection)

P. pentosaceus, Lactococcus 
raffinolactis, L. paracasei, 
L. plantarum (109 cfu/
day), 0.4 g betaglucan, 
inulin, pectin, resistant 
starch

5 days ↓ bT in the lymph nodes. n/a

Wang 1995 
[104]

(Animal study liver 
resection)

L. reuteri and oatmeal 8–10 days ↓ bT. n/a

Kanazawa 
2005 [105]

rcT (n  44) (liver 
resection pts)

B. breve (108 cfu/day)  
L. casei (108 cfu/day)  
12 g GoS

14 days ↓ infection; ↑ beneficial 
bacteria; ↓ pathogenic 
bacteria in feces.

not 
mentioned

Sugawara 
2006 [106]

rcT (n  81); (liver 
resection pts)

Pre-oK: 4  1010 L. casei 
strain shirota (Yakult). 
11010B. breve and 15 g 
GoS; Post-oK: 1  108  
L. casei and B. breve

2 or 4 weeks Pre-oK effect: ↑ nK 
activity, and lymphocyte 
counts; ↓ Il-6; Post-oK:  
↓ Il-6; ↓ Wbc counts; ↓ 
crP; ↑ bifidobacteria; 
incidence of postoperative 
infections decreased.

no

rcT, randomized controlled trial; IcU, intensive care unit; bT, bacterial translocation; GoS, galacto-oligosaccharide; nK, 
natural killer cell; Wbc, white blood cells; crP, c-reactive protein.
probiotics group, whereas a decrease was seen 
in the control group. Harmful bacteria (entero-
bacteriaceae, pseudomonas and candida) were 
decreased in the probiotics group and increased 
in the control group. In addition, a significant 
reduction of pathogenic bacteria and an increase 
of organic acids in the feces were observed [105]. 
b. PrebIoTIcS In H
In a second study with 81 patients undergoing 
hepatobiliary resection for bile duct carcinoma, 
the same synbiotics were given in a higher con-
centration. Pre- and postoperative treatment 
with synbiotics resulted in significantly lower 
bacterial infection rates compared to only post-
operative treatment (12.1 vs 30%). moreover, in 
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this group, an increased activity of natural killer 
cells and a lower concentration of Il-6 levels in 
the blood were observed [106].

Summary

The few animal and human studies of pro- 
and prebiotic effects in liver transplantation and 
resection show a beneficial effect of this treat-
ment. Decreased bacterial infection rates and 
duration of antibiotic therapy were observed. 
The effect seems to be more prominent if treat-
ment is started before the operation and if pro- 
and prebiotics are administered together.

5. ConClUSion

Pre- and probiotics are a safe, convenient and 
easy to administer treatment. To date, no seri-
ous side effects have been observed in studies  
with liver disease patients. From the cur-
rent studies, there is some evidence to suggest 
that pro- and prebiotics may have a role in the 
treatment and/or prevention of liver disease 
by maintaining gut barrier function, modulat-
ing innate and adaptive immune function, and 
reducing concentrations of harmful intestinal 
microbes. Unfortunately, a lack of carefully 
designed randomized controlled trials and  
differences in use of bacterial strains, doses, 
length of administration, outcome measure-
ments and moment of initiation of treatment 
make it hard to draw any final conclusions at 
this point. There seems to be a promising role 
for pro- and prebiotics in prevention of steato-
sis, improvement of liver function in cirrhosis, 
improvement of hepatic encephalopathy and 
prevention of infectious complications in post-
transplant and hepatectomy patients. However, 
further studies will be necessary to investigate 
what probiotic strains and what dosage is most 
effective and safe for treatment of different liver 
conditions.
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C H A P T E R
1. INtrODUctION

The human intestinal microbiota is composed 
of 1013 to 1014 microorganisms whose collective 
genome (microbiome) contains at least 100 times 
as many genes as our own genome. In a way 
we can say that humans are superorganisms  
whose metabolism represents an amalgamation 
of microbial and human attributes. Evidence is 
accumulating that the interaction of the intesti-
nal microflora with the intestinal mucosa cells 
plays a significant role in subsequent health, 
including autoimmune diseases, allergies and 
gastrointestinal diseases. A deeper knowledge 
in the close relationship between host and 
microflora will help us to better understand the 
health status, to develop new ways for optimiz-
ing our personal nutrition and how to forecast 
our individual and societal predispositions to 
some diseases [1]. Consideration should be 
given to the role of microbes in the gut through 
the lens of the evolutionary history of prokary-
otic-eukaryotic relations, as Neish affirms [2]. 
Neish recommends a departure from the usual  
11Bioactive Foods in Promoting Health: Probiotics and Prebiotics 
paradigm of microbes as presumptive patho-
gens, assuming that prokaryotic–eukaryotic 
interactions in the gut are generally mutually 
beneficial. Newborn babies and infants possess  
a functional but immature immune system 
which protects against infections. The matura-
tion of this immune system is closely related to 
the acquisition of an appropriate gut microflora. 
Breast milk contains a number of biological, 
active compounds that can improve the infant’s 
immune system directly or through components 
that help to establish a determined intestinal 
flora. Whilst it is not possible to produce infant 
formulas that have identical compositions 
and properties to breast milk, potential health  
benefits could arise from the supplementation 
of these products with one or a combination  
of functional food ingredients. There is increas-
ing evidence that such dietary modulations 
could be beneficial for the host by effecting a 
health-promoting modification in the compo-
sition and the activities of gut microflora. This 
chapter reviews the strength of evidence regard-
ing the immune-stimulating effects of one of 
7 © 2010, Elsevier Inc. All rights reserved.
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these components, prebiotics, and how they are 
used in current infant formulas. The risks asso-
ciated to its use and what is the regulatory sta-
tus of prebiotics in infant formulas will be also 
reviewed.

2. DevelOPMeNt Of tHe  
INfaNt IMMUNe SySteM

At birth the gastrointestinal tract is essen-
tially germ-free, with intestinal colonization 
occurring during birth or shortly afterwards. 
Within the first days of life, mucosal surfaces of 
the gastrointestinal as well as the respiratory tract 
become colonized with bacteria. The first coloni-
zation of the intestine is one of the most critical 
immunologic exposures faced by the newborn 
infant because microbial niches become estab-
lished, allowing long-term colonization as part of  
the biofilm located in the glycocalyx of the epith-
elial layer [3].

The lymphoid system is not yet mature, although 
it is developed. The fetal immune system devel-
ops at least partial functional competence before 
birth but lacks full capacity to generate sustained 
immune responses. lymphocytes T and B are naïve. 
Activation of T lymphocytes results in a type Th2 
response, that is production of cytokines Il-4 and 
Il-5 and very low Th1 cytokine -interferon [4].

Although after birth there is an immense 
exposition to a wide spectrum of commensal and 
pathogenic microorganisms, the immune system 
does not respond to every stimulus. The cor-
responding pathogen-associated molecular pat-
terns are recognized by receptors of the immune 
system, and this shapes the direction of the 
immune system’s development through child-
hood to adulthood.

During pregnancy, the immune system of the 
fetus co-exists with the mother’s immune system.  
After birth, the immune system must switch in 
order to protect the infant against pathogens 
and to develop tolerance to harmless non-self 
B. PrEBIoTICs IN HE
antigens, such as food antigens. At birth,  
T lymphocytes exhibit a Th2-profile, character-
ized by a limited ability to produce cytokines. 
Until this immune defense is set, infants are at 
risk for serious infection. Throughout the first 
months after birth these Th2-skewed responses 
are modified towards a low-level immunity, 
predominantly Th1-cytokines and IgG antibod-
ies, particularly IgG1 [5]. on the other side, the 
immune system is tightly controlled by its own 
regulatory network to prevent inappropriate 
immune reactions from resulting in pathologic 
conditions. If this system fails, the result can be 
allergy or autoimmune disease. An interesting 
review can be found in refs [2] and [6].

The close relationship between colonic micro-
flora and host cells has a central role in health 
and disease. Dietary modulation is important 
for improved gut health, especially during the 
highly-sensitive stage of infancy [7–9].

marked differences in the composition of 
gut flora have been recognized in response to 
the infant feeding regimen. Differences in gut 
microflora composition and incidences of infec-
tions exist between breast-fed and formula-
fed infants, with the former thought to have 
improved protection.

Although there are different elements in 
infant feeding that can play a role in modify-
ing gut microflora we will only discuss the role 
of prebiotics, especially when added to infant 
formulas.

3. BreaSt MIlk aND DefeNSe 
agaINSt INfectIONS aND 
allergIc MaNIfeStatIONS

Breast-feeding is the ideal mode of feeding 
for the newborn infant. Breast milk confers pas-
sive immunity to the newborn. Clearly, the effect 
of human milk on the postnatal development of 
the intestinal flora cannot be attributed to a sin-
gle ingredient. Breast milk contains 0.4 to 1.0 g/l 
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taBle 8.1 Immunological active ingredients of human milk

Class Ingredient

Immunoglobulins sIgA, sIgG, sIgm

Antimicrobial proteins lactoferrin

lysozyme

lactoperoxidase

leukocytes, macrophages

Cytokines Il-1, Il-6, TNF-, -TNF, Il-12, Il-10, Il-8, chemokines

Hormones and growth factors Granulocyte-macrophage colony stimulating factor, 
erythropoietin, cortisol

long-chain polyunsaturated fatty acids Docosahexaenoic acid (DHA)

Arachidonic acid

oligosaccharides Galacto-oligosaccharides

minerals Zn, se, Cu, Fe, mn, Ca

Vitamins Vitamin A, E, D3, C, B12

Nucleotides AmP, CmP, GmP, ImP, UmP

sialic acid

Gangliosides

Nucleotide-hydrolyzing antibodies

Complement and complement receptors

Toll-like receptors

milk peptides
secretory IgA, antimicrobial protein (lactoferrin, 
lysozyme), leukocytes, cytokines and chemo-
kines, hormones, fatty acids, oligosaccharides, as 
well as minerals, vitamins and other components 
that may contribute to the defense against infec-
tions (Table 8.1) [10, 11]. Breast-feeding protects 
against atopy [12] and infections [13]. In classical 
long-term epidemiological studies, it has been 
demonstrated that breast-fed infants are better 
protected against infections of the gut, respira-
tory and urinary tract when compared to those 
who are formula-fed [14, 15].

We focus on human milk oligosaccharides 
(Hmo) later in the chapter. Breast milk contains at 
least 80 different oligosaccharides. many of them 
act as receptor analogous that inhibit the binding 
B. PrEBIoTICs IN HE
of bacterial and viral pathogens or toxins to gut 
epithelial cells. oligosaccharides also promote the 
proliferation of commensal Bifidobacterium spp. 
and lactobacilli in the intestinal tract [16].

4. PreBIOtIcS: BeNefIcIal 
actIONS

Two different approaches towards modifying 
the development and balance of intestinal micro-
flora can be taken: one is the addition of live bac-
teria and bifidobacteria (probiotics) and the other 
is the addition of oligosaccharides that survive 
passage through the small intestine and reach the 
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colon where they are used by colonic bacteria, 
involving the manipulation of its energy sources 
(prebiotics) [17]. A prebiotic is a non-digestible 
food ingredient that beneficially affects the host 
by selectively stimulating the growth and/or 
activity of one or a limited number of bacterial 
species already resident in the colon [18]. The 
characteristics of a prebiotic are that they:

1. are neither hydrolyzed nor absorbed in the 
upper part of the gastrointestinal tract;

2. can be a selective substrate for one or a few 
beneficial bacteria in the colon;

3. are able to alter the colonic microflora 
towards a healthier composition.

Although any dietary component that reaches 
the colon intact is a potential prebiotic, most of 
the interest is aimed at non-digestible oligosac-
charides [19]. Fructo-oligosaccharides (Fos) and 
galacto-oligosaccharides (Gos) have demon-
strated beneficial effects on the intestinal micro-
flora. oligosaccharides are sugars containing 
between two and twenty units. They can occur 
naturally in fruits and vegetables or be produced 
by the hydrolysis of polysaccharides.

As prebiotics are not digestible, they are fully 
available to the bacteria that reside in the intesti-
nal tract and interact with the intestinal microbi-
ota. Prebiotic consumption shifts the composition 
of the intestinal microbiota towards those associ-
ated with a healthy condition in the host [20]. As 
the composition of the microbiota is modified, 
the types of bacterial metabolites into which 
prebiotics are converted are also modified, e.g. 
producing a greater amount of short-chain fatty 
acids (sCFAs). The sCFAs have important effects 
in the intestinal tract. Butyrate has an essential 
role in maintaining the metabolism, proliferation 
and differentiation of the various epithelial cell 
types. many of these metabolites are absorbed 
into the blood and enter the systemic circulation 
interacting with many physiologic processes.

In this way prebiotics act: a) at improving 
intestinal transit time [21]; b) increasing the 
absorption of minerals, mainly calcium and  
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manganese [22]; c) with anticancer effects, 
mainly in the prevention or progression of colon 
cancer [23, 24]; d) modifying lipid metabo-
lism [25]; and e) modulating various systemic 
immune markers [26]. The possible therapeutic 
application of some prebiotics in specific clinical 
conditions such as inflammatory bowel diseases 
[27–29], and others [30] will be further analyzed 
in other chapters in this book.

5. PreBIOtIcS aND  
HUMaN MIlk

shortly after birth, the previously sterile infant 
gut begins to be colonized by bacteria, faculta-
tive anaerobes and strict anaerobes, from the 
birth canal and its surroundings. microbial flora 
of the female genital tract, sanitary conditions, 
and the type of delivery, all have an effect on the 
level and frequency of various species colonizing 
the infant gut. But the main factor contributing 
to the establishment of a particular microflora is 
the type of feeding. In the gastrointestinal system  
of breast-fed babies (Figure 8.1), bifidobacteria  
are soon selected and become predominant.  
Formula-fed babies harbor a varied flora con-
sisting of bifidobacteria, Escherichia coli, and 
Bacteriodes [31]. When complementary feeding is 
introduced, a diversification of the flora occurs 
(Figure 8.2).

The bifidogenic effect of human milk has been 
ascribed to oligosaccharides, lactoferrin, and 
nucleotides [32]. But the two last components 
seem to have more an inhibitory effect of the 
pathogenic flora rather than a direct stimulus 
to the development of bifidobacteria. Then, we 
can say that human milk stimulates the growth 
of bifidobacteria because of its high oligosac-
charide content. Human milk oligosaccharides 
(Hmos) are a combination of five monosaccha-
rides: glucose, galactose, sialic acid, fructose, 
and N-acetyl-glucosamine. They are synthesized  
in the mammalian gland by specific enzymes, 
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fIgUre 8.2 Development of intestinal microbiota according to age.
the glycosyltransferases, in sequences of five to 
10 monosaccharides [33]. Human milk contains 
at least 21 different kinds of oligosaccharides 
composed of many different molecules. These 
oligosaccharides are predominantly neutral, 
low molecular weight molecules, and depend-
ing on the lewis blood group of the mother. 
Hmos represent the third largest components 
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(after lactose and lipids) in breast milk, occur-
ring at a concentration of 12–14 g/l in mature 
milk and 20–23 g/l in colostrum [34]. on the 
contrary, cows’ milk, commonly used to pre-
pare infant formulas, contains less than 1 g/l 
oligosaccharides. Hmos are very resistant to 
enzymatic hydrolysis. Beside their role into 
the intestinal lumen, they can be absorbed and 
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cross the brush border membrane of the intes-
tine [35]. In this case, they may have a systemic 
effect and their properties not restricted to the 
mucosal environment. Experimental studies 
have shown that the human milk-derived acidic 
oligosaccharide fraction is able to enhance the  
production of certain cytokines as well as -
interferon [36]. The same authors also demon-
strated that some plant-derived oligosaccharides 
have a similar effect.

There are substantial differences in quality 
and quantity of Hmos among different nurs-
ing mothers, but it has not been determined 
whether there is a relationship between quan-
tity and quality of Hmos and the presence of 
different bacterial species in the composition of 
intestinal microflora [33].

It has since been reported that human milk 
already has a probiotic effect as it also contains 
lactic acid bacteria. In this sense we could more 
properly talk of the synbiotic effect of human 
milk [37, 38].

6. PreBIOtIcS IN INfaNt feeDS

Due to their complexity, oligosaccharides with 
an identical structure to Hmos are not available 
as dietary ingredients. searching for alternatives, 
several mixtures of Gos and Fos have been 
tested. Inuline and oligofructose are safe induc-
ers of a Bifidus flora, so it appears clear its use 
in infant feedings [39–41]. The most extensive 
experience is available for long-chain fructo-
oligosaccharides obtained from chicory extract 
and galacto-oligosaccharides gained from enzy-
matic synthesis of lactose [42]. While in Europe 
these are the most common prebiotics added to 
infant formulas (10% inulin with 5–60 fructose 
monomers and 90% galacto-oligosaccharides 2–7 
monomers), in Japan they use isomalto-oligosac-
charides and xylo-oligosaccharides. Also, acidic 
oligosaccharides such as pectin hydrolysate are 
under investigation [43]. structurally, the acidic 
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oligosaccharides of human milk are character-
ized by their content in sialic acid.

The formulas supplemented with a prebiotic 
mixture are reported to have multiple effects 
mediated through changes in the flora, the 
immune system and other mechanisms [44, 45].

It has been demonstrated an increase in the 
bifidobacteria and lactobacilli content in feces of 
term infants after 28 days of supplementation 
with a mixture Fos/Gos, in a dose-related mode 
(with 0.4 and 0.8 g/dl), compare to the levels 
seen in breast-fed infants (Figure 8.3) [20, 46].

In preterm infants of about 31 weeks’ gesta-
tional age and about 1 week old, a double blind, 
randomized controlled study was performed 
comparing standard formula with a formula con-
taining 1 g/dl of a prebiotic mixture. During the 
28 days study period the number of fecal bifido-
bacteria and lactobacilli increased in the prebiotic 
formula group to levels seen in the breast-fed 
group, used as a control. The difference in com-
position of the fecal flora between the standard 
formula and the prebiotic formula group was 
highly significant. At the same time, a significant 
reduction in the total number of relevant patho-
gens in the fecal flora was found [47]. moreover, 
stool consistency and stool frequency were simi-
lar in the breast-fed and the supplemented group 
[48, 49]. stool characteristics in the group fed 
the supplemented formula were close to those 
found in the human milk. The authors postulate 
that prebiotic mixtures may help in improving 
intestinal tolerance to enteral feeding in preterm 
infants [50]. The prebiotic mixture might also 
have improved calcium absorption as indicated 
by a similar urinary Ca/P ratio in prebiotic-fed 
and breast-fed babies [51].

This change in flora was correlated with an 
increase in the metabolic activity (pH, lactate and 
short-chain fatty acid, (sCFA) production) [52].  
Nineteen infants who received a prebiotic mix-
ture of (Gos/Fos) 6 g/l, presented in the feces 
a higher fecal acetate ratio and lactate concentra-
tion and lower pH after 16 weeks than did the 
group receiving a standard formula or a formula  
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fIgUre 8.3 modification in the amount of bifidobacteria and lactobacilli according to the amount of GosFos in the 
formula (g/100 ml). Formula A: 0.4g/100ml. Formula B: 0.8g/100ml. standard: non-supplements.
supplemented with Bifidobacterium anima
lis (6.0  1010 viable cells per liter) [53]. Using 
molecular biology techniques it was observed 
that the species of bifidobacteria present in 
infant-fed Fos/Gos supplemented formula cor-
responded with the patterns seen in breast-feed-
ing. That is, B. infantis, B. breve, and B. longum as 
predominant in breast-fed and supplemented 
infants, while the infants receiving a standard 
formula have lower levels of B. breve and higher 
levels of B. catenulatum and B. adolescentis [54]. 
This shift in microflora was accompanied by a 
reduction in potential pathogens.

Early evidence led to the publication of a  
statement by the scientific Committee on Food of 
the European Commission on 13 December 2001 
in which the addition of the prebiotic mixture 
(10% Fos, 90% Gos) at a concentration of 0.8 g/dl 
to infant formula was considered safe [55].

A few other studies have been done using 
only fructo-oligosaccharides (Fos). When used 
in infant formula at a concentration of 1.5 g/l  
or 3.0 g/l for 5 weeks Fos alone did not show 
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significant differences in fecal Lactobacillus or 
Bifidobacterium counts [56]. Furthermore, there 
were an increased number of adverse events 
(flatulence, spit-ups, and loose stools).

In 2004, the Committee on Nutrition of the 
European society of Pediatric Gastroenterology, 
Hepatology and Nutrition pointed out that at that 
moment no conclusive recommendation could 
be done on the benefits of the addition of a prebi-
otic mixture to an infant formula. They suggested 
performing prospective clinical trials designed to 
show the clinical benefits of such an approach [57].

since then, several new trials have been pub-
lished (Table 8.2). The putative effect of prebiotic 
formulae on the immune system has been dem-
onstrated by studies on the incidence of infections  
during the first year of life and on atopic derma-
titis. In a prospective, randomized, placebo-con-
trolled open trial, infants receiving the prebiotics 
mixture over a 12 month period have signifi-
cantly fewer episodes of GI and respiratory tract 
infections [58, 59]. In another study in infants at 
risk for atopy, the use of the prebiotic formula 
EAlTH PromoTIoN
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demonstrated a protective effect at 6 months [60]. 
In a follow-up at 2 years, there was still a lower 
incidence of allergic manifestations in the group 
of infants who received a prebiotic supplemented 
formula when compared with a standard one 
[61]. Potential mechanisms of the prebiotic effect 
may be by improving the gut barrier and enhanc-
ing fecal secretory IgA levels.

Beside the preventive effects on infections and 
allergic disorders, there may be other potential 
beneficial effects [62]. mihatsch demonstrated in 
20 preterm infants that the addition of 1 g/100 ml  
of Gos/Fos significantly reduced stool viscos-
ity and accelerated gastrointestinal transport 
when compared with a placebo (maltodextrin) 
[63]. This may be an advantage if we could prove 
whether Gos/Fos facilitates enteral feeding 
advancement in these preterm infants. Further 
trials are required.

Inulin and oligofructose have also been stud-
ied in special infant formulae as well as in wean-
ing foods for toddlers. Tolerance to increased fiber 
intake in the form of Fos as part of a weaning 
food has been well-documented. Its consump-
tion led to more regular and softer stools as well 
as decreased frequency of symptoms associated 
with constipation [64].

A double blind study comparing a formula 
containing partially hydrolyzed protein, a high 
-palmitic acid level, and non-digestible oligosac-
charides demonstrated that, when compared 
with standard infant formula, it led to higher 
counts of bifidobacteria in the feces and was well-
tolerated while supporting satisfactory growth 
[65]. Combinations of prebiotic oligosaccharides 
with pectin-derived acidic oligosaccharides also 
appear to be clinically safe and effective on 
modifying infant microbiota [66].

In 2008, Fanaro and colleagues published a 
paper giving the results on the supplementation 
with Gos (5 g/l) on follow-on formula for 18 
weeks. The data indicate that this supplementa-
tion positively influences the bifidobacteria flora 
and the stool consistency during the supplemen-
tation period [67].
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Although these were initially promising results, 
additional studies are needed in order to confirm 
the evidence of clinical benefits [68].

As more studies support the hypothesis that 
human milk has a synbiotic effect than exclusively 
a prebiotic one, there is an increased interest in 
demonstrating the safety and efficacy of combina-
tion or prebiotics plus probiotics both in the pre-
vention of gastrointestinal infections and diarrhea, 
prevention of the onset of allergy, and usefulness 
in the treatment of atopic disease. Initial studies 
are on the way [69].

7. SIDe effectS

Because the neonatal period is a critical period 
of development when microbes become estab-
lished in the gastrointestinal tract, the long-term 
effects of manipulation of gut microbiota dur-
ing this time are more amplified than effects of 
later manipulations. That is a reason for caution 
regarding perinatal and neonatal manipulation 
of the intestinal microflora [70].

oligosaccharides are, in general, considered 
as very safe. Infants fed a prebiotic inulin/Gos 
mixture in an infant formula grew well, had a 
stable water balance, and did not show undesir-
able effects. Prebiotics are mostly not absorbed 
in the small bowel, exerting an osmotic effect 
in the intestinal lumen, and are fermented in 
the colon in short-chain fatty acids and gas. 
Prebiotics are usually well-tolerated, but if sup-
plied in excessive amounts may have unde-
sirable effects consisting of excessive flatus, 
borborygmi, abdominal pain, and diarrhea [71]. 
A worsening of the symptoms after the admin-
istration of up to 20 grams per day of Fos in 
adult patients with gastroesophageal reflux 
have been reported [72].

It seems clear that the tolerance is related to 
their nature, dose, individual sensitivity factors, 
and adaptation to chronic consumption. Total 
doses of less than 20 grams per day are well- 
tolerated [73].
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8. regUlatION Of tHe 
aDDItION Of PreBIOtIcS tO 

INfaNt fOrMUlaS

The scientific Committee on Food of the 
European Union considered the addition of 
this oligosaccharide mixture (Gos 90%  Fos 
10%) at 0.8 g/dl, when added to an infant for-
mula, as safe [55]. This was confirmed in the last 
European Union Directives of December 2006 
(Commission directive 2006/141/EC on infant 
formulae and follow-up formulae) [74]. The 
scientific Panel on Dietetic Products, Nutrition 
and Allergies of the European Commission con-
sidered in 2004 that there is no evidence of ben-
efits to infants from the addition of Fos (1.5 to 
3.0 g/l) to infant formula, while reasons for 
safety concerns remain (prevalence of adverse 
events, including loose stools) [75].

9. cONclUSIONS

one of the most challenging current research 
areas is the potential beneficial effect of prebiotics 
on the immune system of young infants [76,   77]. 
Prebiotics in early nutrition may have profound 
effects on the intestinal barrier, internal milieu 
and defense mechanisms. It has been well-estab-
lished that a prebiotic mixture in infant formula 
has a bifidogenic effect. Are there long-term 
health benefits related to an early intervention? 
A few clinical studies report encouraging data 
on immune-mediated effects of prebiotic supple-
mentation: less gastrointestinal and respiratory 
infections, less atopic dermatitis in the first years 
of life. It is probable that both effects are related. 
Clearly, additional research is needed on the opti-
mal composition, dosage, and combinations of 
different oligosaccharides [78]. moreover, should 
prebiotics be used in case of illness? Which are 
the effects of adding prebiotics to special infants’ 
formulas? The functional effects of prebiotics on 
infant health and the long-term effects of different  
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dietary prebiotics on adult health and gastroin-
testinal diseases need to be further studied in 
controlled intervention trials [79].

SUMMary

l Based on experimental data there is evidence 
that prebiotic oligosaccharides can modulate 
the natural defense system against infection 
during infancy.

l It has been demonstrated that a mixture 
of fructo-oligosaccharides and galacto-
oligosaccharides added to an infant formula 
(0.88 g/dl) significantly increases the number 
of bifidobacteria in feces in a dose-related way 
and reduces the number of pathogens when 
compared with unsupplemented formula.

l Clinical studies report encouraging data 
on immune-mediated effects of prebiotic 
supplementation: less gastrointestinal and 
respiratory infections, less atopic dermatitis 
at an early age.
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C H A P T E R
1. INtroduCtIoN

Prebiotic fibers have been added to infant 
milk formulas in Japan for the last 20 years. In 
Europe, prebiotics were introduced into infant 
foods around the year 2000, with initially very 
little published scientific evidence to support 
their use. Since then, the body of scientific data 
suggesting positive health benefits for infants, 
and the scarcity of adverse events with the dos-
ages consumed, have encouraged infant food 
manufacturers to offer prebiotic supplements. 
In this chapter, we will discuss the various 
forms of infant foods and the prebiotics used 
to supplement these foods. Emphasis will be 
placed on the available clinical studies in this 
age group.

2. How Are INfANts fed?

The natural alimentation of the newborn 
infant is breast milk. International recommen-
dations are to breast-feed whenever possible. 
Specific programs have been implemented in 
many countries to encourage breast-feeding 
13active Foods in Promoting Health: Probiotics and Prebiotics 
in hospital settings [1]. The best alternative for 
human milk is humanized formula milk, mostly 
based on cows’ milk. Infant milk formula (IMF) 
is subject to stringent regulations for composi-
tion and hygiene [2]. Manufacturers seek to 
improve formulae to bring them closer to the 
gold standard: human milk. Numerous IMF 
are on the market: they vary in protein source 
(cows’ milk, soy), degree of hydrolysis, types of 
carbohydrates and lipids. Some formulations 
are adapted to specific conditions such as pre-
maturity, allergy, cholestasis, etc. Babies who 
are unable to feed orally need tube feeding. 
During the first year of life, IMF is mostly used 
for enteral feeding, later replaced by specially 
packaged enteral formulae for tube feeding.

The development of intestinal digestive capac-
ity and oral-motor skills allows weaning around 
4 months of age. However, since the increase in 
allergic diseases, the so-called ‘allergic march’ 
weaning to solid food is recommended around  
6 months in babies with a family history of atopy 
[3]. Vegetables, fruit and complex carbohydrates 
are introduced gradually. Breast milk or IMF 
remain the sole protein source until the intro-
duction of meat or fish around 8 months. A tod-
dler should drink around 500 mL of milk-based 
1 © 2010, Elsevier Inc. All rights reserved.
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products and be offered a variety of fresh fruit, 
vegetables and slow carbohydrates. In practice, 
the products consumed are IMF, full milk, milk 
products such as yogurt, cheeses, vegetables 
and fruit, pasta, bread, cereals, rice, cookies, etc. 
Some commercial products are suitable candi-
dates for enrichment with prebiotics.

3. PreBIotICs IN HumAN  
BreAst mIlk

Human breast milk contains both nutritive  
and non-nutritive factors. Its composition is 
highly adapted to the infant’s needs: it varies with 
gestational age at birth, with the duration of lacta-
tion and individually. Breast milk fulfils all of the 
nutritional needs during the first weeks of life. In 
addition, the non-nutritive bioactive components 
have protective and stimulatory functions that 
are only partially elucidated. Breast milk contains 
a wide range of specific and non-specific anti-
microbial factors, cytokines, anti-inflammatory 
substances, hormones, growth modulators and 
digestive enzymes. Protection from infections is 
secured by secretory IgA, IgM and IgG, lactofer-
rin, lysozyme, complement c3, leukocytes, lipids 
and fatty acids, antiviral mucins and GAG pep-
tides [4]. It has been known for over a century 
that human milk contains a ‘bifidus factor’, mean-
ing that human milk favors the development of a 
bifidus predominant flora. The non-digestible oli-
gosaccharides in human milk (HMo) are consid-
ered to be the ‘bifidus factor’ [5, 6]; in other words 
and according to current definitions: the non-
digestible HMo are the first prebiotics. Human 
milk is protective against infections [7] and also 
against atopy [8]. Both these characteristics might 
thus be at least attributed to the ‘bifidus factor’ or 
the HMo.

Human milk stimulates the growth of bifi-
dobacteria because of this high oligosaccharide 
content [9]. In contrast, bovine milk, and thus 
formula, contains very little oligosaccharides. 
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oligosaccharides are the third largest component 
of human milk: lactose content being 53–61 g/L, 
fat 30–50 g/L, oligosaccharides (with DP 3–50) 
10–12 g/L and protein 810 g/L [10]. There are 
thousands of different HMo components. The 
HMo are predominantly neutral (90%) and low 
molecular weight molecules. Negatively charged 
acidic structures are 10%: acidic oligosaccharides 
(AoS) [9]. Their production depends on enzymes 
encoded by the genes associated with expres-
sion of the Lewis blood group system of the 
mother [11]. They inspired the addition of non- 
digestible oligosaccharides and inulin to infant 
food in order to foster a comparable bifidog-
enic effect. However, there is much more to the 
HMo than their prebiotic (bifidogenic) effect. 
Their anti-infective properties are mainly due to 
the demonstrated inhibition of pathogen bind-
ing to host cell ligands. Due to the similarity of 
HMo to epithelial cell surface carbohydrates, an 
inhibitory effect on the adhesion of pathogens to 
the cell surface is most likely but yet unproven 
in humans. Thus many functions of the HMo 
remain to be unveiled: their possible suppressive 
effect on pathogens, anti-inflammatory effects 
and direct immune regulatory effects in the gut. 
Since absorption is possible, putative systemic 
effects need consideration [12].

So far, the literature has mainly focused on 
the bifidogenic effects of prebiotics in infant 
foods and not on the other direct effects they 
may have.

4. tHe rAtIoNAle for  
usING PreBIotICs IN INfANt 

foods

The hypothesis behind initially supplement-
ing infant foods with prebiotics was mostly to 
obtain a bifidogenic effect. Bifidobacteria were 
first described in 1899 as an essential part of the 
gut flora of breast-fed infants [13]. Fortunately 
the introduction of 90% galacto-oligosaccharides  
ALTH ProMoTIoN
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(GoS)/10% inulin mixtures in formula in Europe 
did not lead to any noticeable side effects and 
was considered a successful innovation. The 
scientific rationale for recommending supple-
mentation of prebiotics to infant foods is based 
on the effects on the flora and the consequences 
on the development of the immune system, 
although many effects of these are still insuffi-
ciently documented. Furthermore, it is probable 
that prebiotic supplementation has important 
direct effects, influences nutrient absorption and 
metabolic regulation.

Establishment of the intestinal flora soon after 
birth plays a crucial role in the development of 
the innate and adaptive immune system [14]. 
In normal circumstances, the newborn baby is 
inoculated by the mother’s flora when passing 
through the birth canal. A diverse flora residing 
in the mother’s vagina and intestine colonizes 
her baby. In the case of a cesarean section, this 
step obviously does not take place. Babies born 
through cesarean section harbor lower numbers 
of bifidobacteria and bacteroides and are more 
often colonized with C. difficile [15]. This may 
be the mechanism leading to a higher incidence 
of allergy as children born by cesarean section 
have a higher risk of asthma than those born by 
vaginal delivery, particularly children of allergic 
parents [16].

In the gastrointestinal (GI) system of breast-
fed babies bifidobacteria are soon selected and 
become predominant. This situation remains 
until weaning. The introduction of formula or 
solid food immediately leads to diversification 
of the flora, which is reflected by alterations of 
stool color, consistency and odor. Formula fed 
babies harbor a varied flora consisting of bifi-
dobacteria, E. coli and bacteroides [17–19]. Thus, 
infants are a unique age group in which the 
change is made from bifidus predominant to 
diverse flora.

The age when the change occurs is determined 
by the duration of exclusive breast-feeding  
and by the intake of prebiotic supplements. 
The aim of conserving a bifidogenic effect on 
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the infant’s intestinal flora is to counteract 
the current rise of allergic diseases [20] and to 
protect from GI infections [21]. The immune 
system of newborns is characterized by a Th2  
profile, meaning that type 2 helper cells and 
their cytokines predominate. These generate 
IgE producing cells and eosinophilic stimu-
lation leading to allergic inflammation [14].  
A normal assemblage of intestinal bacteria pro-
motes a Th1 response, restoring the balance 
towards tolerance [22]. Bifidobacteria induce 
a Th1 response [23]. Lack of adequate bacterial 
stimulation has been incriminated as the culprit 
for the increased incidence of allergic disease, 
also called the ‘allergic march’ [24]. However, 
the hygiene hypothesis does not account for 
changes related to the earlier, far more signifi-
cant drop in infectious diseases. Therefore, it is 
now suggested to rather focus on differences in 
microbial exposure [24, 25].

Allergic and non-allergic children harbor  
different types of flora: non-allergic children 
having higher counts of aerobic bacteria, lacto-
bacilli and bifidobacteria [26]. It appears that 
Bifidobacterium bifidus has stronger adhesive 
properties and may be specifically protective 
against allergy as opposed to Bifidobacterium 
adolescentis [27].

In addition to the favorable bifidogenic 
effects, prebiotics may have direct effects such 
as binding of pathogens [12], but the molecular 
structure will be determinant.

Inulin has been shown to improve calcium 
availability in vitro [28]. oligofructose and inu-
lin improve calcium absorption and bone min-
eralization in adolescents [29–31]. Although 
calcium absorption in infancy deserves atten-
tion, clinical studies are not yet available on this 
subject.

In adolescents it has also been shown that  
8 g/d of a mixed short and long degree of poly-
merization inulin-type fructans have a favorable  
effect on body mass index (BMI) [32]. It has been 
claimed that breast-feeding protects against 
obesity in later life. However, the causative  
ALTH ProMoTIoN
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factor may be the lower protein content of 
human milk [33] and some epidemiological 
studies do not confirm an association between 
breastfeeding and overweight [34]. It is unclear 
at present whether early administration of the 
right prebiotics may protect against obesity.

5. tyPes of PreBIotICs studIed 
IN INfANts

It has been impossible to reproduce the 
HMo contained in breast milk. The prebiot-
ics that have been used in clinical studies in 
infants belong to the categories of inulin-type 
fructans (-(2-1) linear fructans) and galacto- 
oligosaccharides 2–7 monomers, called GoS. 
GoS are supposed to mimic HMo. HMo con-
tains galactose, glucose, N-acetylglucosamine, 
fucose or sialic acid as monosaccharide compo-
nents. GoS are side products of lactose hydro-
lysis in fermented milk and milk products, 
containing (1-4) and (1-6) linked galactose 
with terminal glucose (Figure 9.1). The inulin 
type fructans are short chain (DP  4) oligo-
fructose or long chain (DP  5–60) inulin (HP), 
called FoS in commercial products. They are 
manufactured from chicory but are also present 
in many other plants such as artichokes, leeks, 
wheat and bananas (Figure 9.2). Mixtures have 
been used such as inulin/GoS: a combination 
of 10% inulin and 90% galacto-oligosaccharides 
and Synergy 1®: a combination of 30% oligofruc-
tose and 70% inulin HP, otherwise named oligo-
fructose-enriched inulin.

Various other ingredients have been used 
(Table 9.1), and their effects are described in the 
following sections on clinical studies.

In France, a fermented milk formula was 
studied (fermentation with Bifidobacterium breve 
c50 and Streptococcus thermophilus 065) and it 
was argued that the (unidentified) metabolites 
resulting from the fermentation process are 
prebiotics [35].
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Chains of mainly ↓(1–4) and ↓(1–6) linked galactose with
terminal glucose DP = 2 to 7 

gal glc

n = 1–6

n

fIGure 9.1 Structure GoS.

Chains of ↓-1,2-glycosidic linked fructose with/without
glucose

n = 1–4  : Oligofructose or fructo-oligosaccharides
n = 1–56 : Inulin (FOS)

glcfrufrufrufru
n

fIGure 9.2 Structure inulin/FoS.

tABle 9.1 Prebiotics studied in infant

Prebiotic Reference

Infant Milk Formula

GoS Japan since 1980

Fermented milk [42]

oligofructose [39, 58]

AoS (no effect!) [31]

Inulin/GoS (10:90) [43–45]

oligofructose/Inulin (50:50) [49]

DX/GoS (50:50) [33, 34]

PDX/GoS/Lactulose(50:33:17) [33, 34]

Acidic/Neutral oS (20:80) [32]

AoS/Inulin/GoS [31]

ORS Solution

oligofructose (no effect!) [62]

Cereals

oligofructose [65–67]

Inulin/GoS (10:90) [63]

oligofructose/Inulin (70:30) [69, 70]

AoS, acidic oligosaccharides; GoS, galacto-oligo-
saccharides; oS, oligosaccharides; PDX, polydextrose.
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Since human milk contains 15 to 25% acidic 
oligosaccharides (AoS), a study was conducted 
comparing standard formula supplemented 
with either maltodextrin as control, 2  g/L AoS 
(obtained from pectin) or AoS plus 6 g/L inulin/
GoS [36]. A prospective study on the immune 
effects of neutral and AoS in preterm infants is 
being conducted in the Netherlands [37].

Ziegler et al. conducted a randomized, dou-
ble blind study to evaluate the tolerability and 
effect on infant growth of term newborns with a 
prebiotic blend of polydextrose (PDX) and GoS 
(50:50 ratio, 4  g/L), or formula supplemented 
with a prebiotic blend of PDX, GoS and lactu-
lose in a 50:33:17 ratio (8  g/L) [38]. PDX, GoS 
and lactulose in various combinations and 
dosages (4 and 8  g/L) were also studied by 
Nakamura et al. [39].

6. ClINICAl studIes Performed 
IN Preterm INfANts

Preterm infants are a particularly vulnerable 
group because many barrier functions and the 
immune system are still in a developmental  
phase. A few studies have been performed 
using prebiotics (Figure 9.3).
B. PrEBIoTIcS IN HE
It was shown in preterm infants that the pre-
biotic mixture of inulin/GoS (10% inulin and 
90% galacto-oligosaccharides) at a concentration 
of 1 g/L increases fecal bifidobacteria counts 
to the level of breast-fed infants [40, 41] and 
that their feces contain fewer colony-forming  
units/g of potential enteric pathogens [42].

Enrichment of formula for premature infants 
at 1 g/dL with the inulin/GoS mixture over  
2 weeks lowers stool viscosity and shortens 
intestinal transit time measured with carmine 
red dye [43]. This finding is encouraging as 
it may facilitate the advancement of enteral 
feedings.

Kapiki et al. compared the effect of formula 
supplemented only with FoS (4  g/L) with a 
control formula. In the prebiotic-treated group, 
numbers of bifidobacteria in stool and the pro-
portion of infants colonized with bifidobacte-
ria were higher after 7 days compared with the 
control group; there was also a significantly 
higher number of Bacteroides spp. in the FoS 
group, daily stool frequency increased. of note, 
weight gain during the study was significantly 
greater in the control group. The greater weight 
gain in the control group may well have been 
due to added maltodextrin, but this will require 
experimental confirmation by calculating the 
net caloric intakes [44].
Preterm infants

inulin/GOS
++ fecal Bifido

Boehm 2002

– CFU potential
pathogens

Knol 2005

inulin/GOS
– viscosity

– intestinal transit
time

Mihatsch 2006

FOS
++ fecal Bifido

+ fecal Bacteroides
– weight gain

Kapiki 2007

acidic & neutral os
+ immunity

Westerbeek 2008

fIGure 9.3 clinical studies applying prebiotics in food for preterm infants.
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At the time of writing, a large prospective 
study is being conducted in the Netherlands 
aiming at understanding the role of neutral and 
AoS in postnatal modulation of the immune 
response and postnatal adaptation of the gut [37].  
Necrotizing enterocolitis (NEc) is a subject of 
interest in the premature infant. Probiotics may 
have a protective effect [45] but prebiotics have 
not yet been studied in preterm infants. In an ani-
mal model (quails) oligofructose supplementation 
enhanced the level of bifidobacteria, provided 
they were present, and decreased the number of 
clostridia, thereby protecting against NEc [46].

7. ClINICAl studIes  
Performed IN term INfANts

In Japan, IMF has been supplemented with 
GoS for over 20 years but no literature on the 
subject appears to be available. Local reports 
from a specific brand demonstrate increased 
counts of fecal bifidobacteria and lactobacilli 
with galactosyl-lactose supplements [35].

Many well-documented studies are avail-
able on the effect of IMF supplemented with 
the mixture of inulin/GoS (10% inulin and 90% 
galacto-oligosaccharides). After 28 days of sup-
plementation, bifidus counts show a dose related 
increase (4 g/L and 8 g/L) and lactobacilli also 
significantly increase from baseline to levels seen 
in breast-fed babies. Moreover, the types of bifi-
dobacteria and lactobacilli correspond with the 
patterns seen with breast-feeding [47–51].

The lower dosage of 4 g/L fails to always  
significantly increase the number of bifidobac-
teria [52].

A formula enriched with a mixture of FoS/
inulin (50:50) at 8 g/L (Synergy 1®) from birth has 
comparable bifidogenic effects as inulin/GoS, 
demonstrated by fluorescence in situ hybridiza-
tion (FISH) analysis of the stools, softens stools, is 
well-tolerated and allows normal growth [53]. A 
study in newborns with formula supplemented 
B. PrEBIoTIcS IN HE
with PDX and GoS (4 g/L) or PDX, GoS, lactu-
lose at 4 and 8 g/L using various stool analysis 
techniques (culture-based selective enumeration, 
quantitative real-time Pcr and FISH) showed 
only few significant changes in bacterial subpop-
ulations at any time point. However, bacterial 
communities were less stable at a younger age, 
indicating that early administration is crucial in 
order to influence flora [39].

The shift towards breast-fed type flora is 
accompanied by a reduction in potential patho-
gens [51, 52, 54]. These changes in the bacterial 
populations and their metabolic activities lead 
to lower stool pH 8 and production of short-
chain fatty acid (ScFA) profiles comparable to 
breast-fed infants, with higher acetate and lower 
propionate levels [42] or higher acetate and lac-
tate levels [55]. This last report, however, fails to 
demonstrate a superior bifidogenic effect com-
pared to standard formula [55].

A consistent clinical effect obtained by prebi-
otic formula is softer stools [48]. It’s unclear 
whether this is due to the flora shift, to an 
osmotic effect, to ScFA or to all of the above. 
The putative effect of prebiotic formula on the 
immune system has been demonstrated by 
studies on the incidence of infections and on 
atopic dermatitis during the first 2 years of life. 
In a prospective, randomized, placebo control-
led open trial, infants receiving the inulin/GoS 
mixture over a 12-month period had signifi-
cantly less episodes of GI and respiratory tract 
infections [21]. A partial hydrolysate enriched 
with the same prebiotic mixture taken for  
6 months also decreased the number of infec-
tions at 1 [56] and even 2 years [57].

A prospective, double blind, randomized pla-
cebo controlled study in infants at risk for atopy 
brilliantly demonstrated a protective effect of 
the inulin/GoS enriched hydrolyzed formula at 
6 months when compared with a maltodextrine 
containing formula [58]. After 6 months, fewer 
infants in the prebiotic treated group had atopic 
dermatitis compared to the controls based on a 
validated clinical quantitative index. However, 
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there was a relatively high dropout rate of 20.5%. 
Arslanoglu et al. reported the results of a follow-
up of this study until 2 years of life. The cumu-
lative incidence of atopic dermatitis, recurrent  
wheezing and allergic urticaria were higher in the 
maltodextrin group than in the prebiotic group [57].  
However, in another study, supplementation 
with PDX/GoS led to significant eczema [58]. 
Therefore, a cochrane analysis concluded in 2007 
that the evidence does not confirm that prebiotics 
protect against allergic disease [59].

Potential mechanisms of the prebiotic effect 
may be improved gut barrier, as was shown 
to be the case [60]. The prebiotic mixture also 
enhances fecal secretory IgA levels [51, 61].

A short prospective, randomized, crossover 
intervention with 1.5 grams and 3 grams oligo-
fructose/L formula showed a laxative effect of 
the higher dose but failed to document altera-
tions in fecal flora. However, 1 week interven-
tion may have been too short to permit changes 
in the species composition and metabolic activi-
ties of the GI bacteria [62].

Infants fed the prebiotic inulin/GoS mixture 
[41] or oligofructose alone [63] in formula grow 
well, have a stable water balance and no noted 
undesirable side effects.
B. PrEBIoTIcS IN HE
Studies using formula milk fermented with 
Bifidobacterium breve c50 and Streptococcus ther
mophilus 065 demonstrated a bifidogenic effect 
[64] and decreased severity of acute gastro-
enteritis but no effect on incidence [65].

Studies with PDX/GoS/lactulose showed 
normal weight gain and growth. Stools were 
looser in the supplemented groups compared 
with the control formula days. Diarrhea was 
higher in the PDX/GoS group, eczema was sig-
nificantly higher in the PDX/GoS group (see 
earlier) and irritability was significantly higher 
in the PDX/GoS/lactulose group. The most 
frequent reason given for withdrawal from the 
study was gas, particularly in the PDX/GoS/
lactulose group [38].

The combination of AoS/inulin/GoS has 
the same effects on intestinal flora, fecal pH and 
stool consistency as the classical inulin/GoS 
mixture. AoS alone is well tolerated but has no 
clinical effect. Infants grew well with all supple-
ments [36].

In conclusion, prebiotic formulas for term 
infants are reported to have multiple positive 
effects mediated through changes in the flora, 
the immune system and other mechanisms 
(Figure 9.4).
Infants

GOS
+ fecal
bifido

lactobacilli
Japan 1980

inulin/GOS
normal growth

softer stools  but nl water balance

dose related bifidogenicity
+ lactobacilli,
stool SCFA profiles = human milk
– relative # potential pathogens

– Ig E levels and IgE/Ig4 ratio
+ fecal IG A
– GI & other infections
– atopic dermatitis at 6 mths & 2 yrs

+ intestinal barrier
Veereman 2007, Arslanoglu 2008

Infants

FOS
laxative
no effect flora (1 wk)
Euler 2005

laxative, nl growth
Bettler 2006

acidic os
no effect
acidic os/inulin/GOS
similar effects as inulin/GOS
Fanaro 2005

PDX/GOS
excema!
Ziegler 2007

FOS/Inulin (Synergy1)
nl growth
softer stools
bifidogenic
Veereman 2008

fermented milk
bifidogenic
less severe acute GE itis
Yazourh 2000,Thibault, 2004

fIGure 9.4 clinical studies applying prebiotics in food for term infants.
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Another approach has been the addition of 
prebiotics to oral rehydration solution (orS) for 
acute diarrhea. However, a mixture of FoS and 
inulin added to orS in the treatment of acute 
infectious diarrhea with mild or moderate dehy-
dration failed to show any significant benefit [66].

8. ClINICAl studIes Performed 
IN toddlers

Toddlers take a variety of solid foods which 
allows the addition of prebiotics to cereals or 
other prepared food or beverages (Figure 9.5).

The addition of the inulin/GoS mixture 
in weaning foods of 4- to 6-month-old infants 
in a daily dose of 4.5 grams over 6 weeks suc-
ceeds in increasing the bifidus population from  
43 to 57% of the fecal flora. This change was sig-
nificantly different from the non-supplemented 
group [67]. The inulin/GoS mixture adminis-
tered to healthy toddlers in daily amounts of 
4.5 grams results in ScFA patterns with higher 
acetate and lower butyrate [68].

The combination of inulin and oligofructose 
has been studied more often in weaning food 
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after the first year of life. clinical effects suggest 
improved immune response, as indicated by a 
lower incidence of febrile episodes. Inulin and 
oligofructose are bifidogenic and decrease the 
number of some pathogens. A study by Saavedra 
and Tschernia performed in 1999 first reported 
the effect of oligofructose (up to 3 grams daily) in 
weaning foods consumed by toddlers attending 
day care. These otherwise healthy toddlers had 
softer stools, less emesis, regurgitation and per-
ceived discomfort and interestingly fewer fever 
episodes [69]. A similar set-up in toddlers attend-
ing day care and taking 2 grams oligofructose 
daily for 3 weeks confirmed a protective effect 
against fever. These toddlers also had fewer 
infectious episodes requiring antibiotic treat-
ment, fewer episodes of diarrhea and emesis, less 
flatulence. Fecal microbial analysis confirmed the 
suspected bifidogenic effect during supplemen-
tation. Simultaneously clostridia counts dropped 
and both shifts subsided after a 2-week washout 
period [70]. Moore showed that an average daily 
consumption of 0.74 grams oligofructose (max 
3 g) succeeds in softening stools but observed no 
alterations in other GI symptoms [71].

Prebiotics have been tested in disease states 
such as diarrhea. In breast-fed Peruvian children 
FOS/inulin (70:30)
+ Bifido after antibiotics

Brunser 06

+ IgG measles Ab

Haschke, 2001

no effect on diarrhea

Brunser 2003

inulin/GOS
Bifidogenic
SCFA higher acetate, lower butyrate
Scholtens 2004

FOS
Flora
– Staphylococci, – Clostridia + Bifido 2g/d
Waligora-Dupriet 2005

Immunity
–fever, emesis, regurgitation & discomfort 1,1g/d
Saavedra 1999, Tschernia 1999

–fever, vomiting, diarrhea 2g/d
Waligora-Dupriet 2005

no effect on diarrhea 1,1g/d
Saavedra 1999, Tschernia 1999, Duggan 2003

Other
softer stools 0,74 -3g/d Moore 2003, Bettler 2005

-flatulence 2g/d Waligora-Dupriet 2005

fIGure 9.5 clinical studies applying prebiotics in food for toddlers.
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no effect was seen on the incidence of diarrhea 
by adding oligofructose to cereals, with or with-
out Zn [72].

A mixture of oligofructose and inulin (70/30 
Prebio 1®) at 2.25 g/d for 3 weeks is protective 
of the bifidus flora during amoxicillin treat-
ment. Prebiotic treatment did not cause any GI 
symptoms but also did not alter stool frequency 
or consistency [73]. The same Prebio 1® mixture 
was shown to enhance antibody response to 
measles vaccination when given 4 weeks before. 
No effect was seen on GI tolerance [74].

9. PreBIotICs IN dIffereNt 
tyPes of INfANt foods

More than 400 general prebiotic food prod-
ucts are on the market. currently, infant foods 
with prebiotics are marketed mostly in Asia 
and Europe. IMF has been enriched with prebi-
otics in Japan since the 1980s [75]. More than 
400 general prebiotic food products are on the 
market. regulations regarding food ingredients 
vary by country. overall, health claims need to 
be validated.

The addition of a mixture of 10% inulin and 
90% galacto-oligosaccharides in a concentration 
of 0.8  g/dL to infant formula was recognized safe  
by the European commission in December 2001. 
This was confirmed in the last EU Directives 
of December 2006 (commission Directive 
2006/141/Ec on infant formulae and follow-up 
formulae [76]) with the following wording in 
Annex 1: ‘fructo-oligosaccharides and galacto-
oligosaccharides may be added to infant for-
mula … their content shall not exceed 0.8  g/% 
in a combination of 90% oligogalactosyl-lactose 
and 10% high molecular weight fructosyl- 
saccharose … other combinations may be used.’ 
The document further mentions in article 5: ‘the 
formula is manufactured from protein sources … 
and other food ingredients … whose suitability 
for particular nutritional use by infants from 
B. PrEBIoTIcS IN HE
birth has been established by generally accepted 
scientific data.’

In the USA, the FDA’s center for Food Safety 
and Applied Nutrition (cFSAN) regulates 
probiotics and prebiotics marketed as dietary 
supplement or food ingredients. The product 
Vivinal GoS (Friesland Foods Domo) received 
GrAS status (generally recognized as safe) from 
the US Food and Drug Administration (FDA) in 
September 2008 [77]. As a result, Vivinal GoS 
could be used in infant formula and other food 
categories. Vivinal GoS contains GoS, lactose, 
glucose, and a small amount of galactose [78].

The demand and interest for prebiotics in gen-
eral, and in infant foods in particular, is growing 
rapidly from a small base and is a potentially high 
revenue market. For young infants, prebiotics 
could be incorporated in IMF of different types, in 
enteral feeding formulae, in orS or other fluids. 
After weaning, potential vehicles are breakfast 
cereals, baked goods and any type of prepared 
fruit or vegetable meal.

A key benefit of prebiotics is that they are 
easier to include in formula and transitions food 
than probiotics. This is why they perhaps have 
a greater market potential for infant and toddler 
foods that must be sterilized.

10. sAfety

At the reported dosages (under 1  g/L) most 
prebiotics have a laxative effect in infant and 
toddlers but have not caused dehydration. 
Fermentation causes gas production and gener-
ates ScFA. Flatulence was reported to be an incon-
venience in only one study [38]. overall, prebiotic 
supplementation is very well tolerated by infants 
and toddlers. The effect of increased luminal 
ScFA has not been well addressed so far. An ani-
mal model (rats) was used to explore the effect of 
high luminal concentration of organic acids, based 
on the hypothesis that intestinal barrier function 
may be compromised. Neonatal rats were fed a  
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mixture of inulin/GoS/Inulin, 12:88 at 5.6  g/L  
from the seventh day of life until weaning. Luminal 
concentrations of acetate and lactate increased but 
intestinal flora, permeability and tight junctions 
remained unaltered. However, GoS/inulin sup-
plementation was associated with increased bac-
terial translocation towards the spleen [79]. These 
findings prompt a cautious approach especially in 
patients with immature gut.

11. CoNClusIoNs

The addition of prebiotics to infant foods 
has generated enthusiasm because ‘the bifidus 
factor’ from breast milk can be reproduced. 
Enriched IMF offers practical solutions in daily 
clinical practice for the treatment of hard stools. 
However, the effects of prebiotic supplementa-
tion may be far more profound by modulating 
the immune system in a beneficial way, thereby 
reducing the incidence of infections and atopy. 
At this time, the longest follow-up is 2 years 
and limited to a single study [57]. All reported 
intervention studies are short-term.

Particular attention should be paid to the spe-
cific type of prebiotic used, as it is clear from the 
current data that results of clinical studies with 
a particular ingredient may not be extrapolated. 
The desired ‘bifidogenic effect’ of prebiotics is 
probably only the top of the iceberg as each struc-
ture may have direct effects (e.g. binding of path-
ogens). Therefore, prebiotics cannot be viewed 
merely as a ‘pro-drug’ for probiotics. our con-
siderations of these food supplements for infants 
should not be any different than our considera-
tions of bioactive drugs, especially since important 
health claims, such as immune modulation, are 
put forward. Dosages, clarity about composition 
and possible side effects need careful attention.
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1. INtroDUctIoN

Many hundreds of different species and strains 
of bacteria have been identified in the human 
gastrointestinal tract, with numbers increasing 
progressively from the proximal colon to the dis-
tal large bowel. Viable cell counts in fecal mate-
rial range from about 1011 to 1012 per gram [1, 
2], and the vast majority of these organisms are 
strict anaerobes [3, 4] which play an important 
role in host digestive physiology, metabolism 
and development of the immune system [5]. The 
composition of the intestinal microbiota is deter-
mined by a variety of host, microbiological, die-
tary and environmental factors, which can vary 
markedly between individuals at the level of 
species and strains. When the microbiota is per-
turbed due to changes in diet, disease, age, or the 
use of drugs or antibiotics [6–8], then dysbiosis 
can occur, which can result in a decreased abil-
ity to resist invading pathogens, or increases in 
potentially pathogenic indigenous bacteria with 
the concomitant loss of beneficial species. Most 
of our knowledge of bacterial communities in the 
large intestine was initially derived using viable 
14ds in Promoting Health: Probiotics and Prebiotics 
counting techniques [1, 2]. However, this has 
been largely superseded by a range of molecular 
methods for microbiota analysis [9, 10], which 
has improved our ability to study the effects of 
therapeutic manipulation on the structure and 
composition of the gut ecosystem.

Prebiotics are non-digestible oligosaccharides 
(NDO) which selectively stimulate the growth of 
intestinal bacteria, such as lactobacilli and bifido-
bacteria that have health promoting properties 
for the host [11, 12]. These bacteria are generally 
regarded as safe because they mainly ferment 
carbohydrates, are not pathogenic and are non-
toxigenic, while they have a role in colonization 
resistance and frequently manifest immunomod-
ulatory properties in the host. Prebiotics have 
been shown to reduce colonic transit times due 
to their laxative effects, enhance colonization 
resistance to enteral pathogens [13], increase pro-
duction of short-chain fatty acids (SCFA) [14], 
and aid in preventing bacterial translocation [15]. 
They have also been shown to reduce numbers 
of certain bacteria in the gut, such as clostridia, 
bacteroides, enterococci and enterobacteria, 
some species of which may be detrimental to 
5 © 2010, Elsevier Inc. All rights reserved.
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health, and have the ability to produce more 
toxic metabolites as waste products of metabo-
lism, such as indoles, phenols, ammonia, thiols, 
H2S and amines, that may be involved in the eti-
ology of colorectal cancer (see later).

The most widely studied NDO are inulins and 
their associated fructo-oligosaccharides (FOS), 
which are fructose-containing polymers of 2 
to 60 chain length with a terminal glucose resi-
due [12]. These are found naturally occurring in 
plants such as Jerusalem artichokes (up to 20% 
inulin), onions (up to 6% inulin), bananas (1% 
inulin) and chicory roots (up to 20% inulin) 
 [16, 17]. Other potential NDO prebiotics include 
galacto-oligosaccharides (GOS) [17], soya-oligo-
saccharides [18], xylo-oligosaccharides [19], pyro-
dextrins, isomalto-oligosaccharides [20], and the 
disaccharide lactulose [21]. There are believed to 
be few safety issues in the use of prebiotics and 
several european studies have indicated that 
GOS is safe to add to infant feeds [22]. The addi-
tion of up to 0.8 grams 100 ml–1 of the prebiotic 
mixture comprising 90% GOS and 10% FOS in 
infant formula feeds has been approved by the 
eU Scientific Committee on Food (SCF) for use 
in infant feeds [23]. However, one constraint on 
the use of prebiotics is that consumption of high 
levels can lead to undesirable side effects such as 
abdominal discomfort, cramping, flatulence and 
diarrhea [24–26].

This chapter will focus on modulation of the 
gastrointestinal microbiota by prebiotics, and 
their abilities to impact on colonic diseases by 
restoring more beneficial bacterial populations 
and in the aging gut.

2. MoDUlatING tHe  
INteStINal MIcroBIota

The gastrointestinal tract contains diverse 
communities of bacteria which are present not 
only in the gut lumen, but also on mucosal sur-
faces. Until comparatively recently, selective and 
b. PrebiOTiCS iN He
non-selective culture methods were the stand-
ard techniques used to quantitate bacterial pop-
ulations in feces, and the total number of species 
was thought to be in the range of 400–500 [27]. 
However, these methods have been shown to 
result in an underestimation of bacterial popu-
lation sizes and microbial diversity [28, 29], and 
may lead to an overestimation of some groups 
such as bacteroides and bifidobacteria [30, 31]. 
Several studies using fecal material have indi-
cated that only about 40–60% of total bacteria 
counted under the microscope are able to be 
detected using culture techniques [27, 32].

Thus the desire to have more high- 
throughput methods of analysis, and to detect 
the components of the microbiota that are more 
difficult to culture, has led to the development 
of many new molecular techniques for analysis  
of the intestinal microbiota, many of which  
are based on nucleic acid hybridization  
technologies, and usually involve analyses 
of 16S rrNA [27, 28, 30, 33, 34]. These include 
non-quantitative molecular fingerprinting tech-
niques such as denaturing gradient electro-
phoresis (DGGe) [35] and clone library analysis, 
as well as more quantitative techniques such 
as fluorescent in situ hybridization (FiSH) [36]  
or quantitative PCr (7, 9, 10, 37). The use of 
molecular methodologies has been shown in 
several studies to be useful in increasing our 
understanding of the effects of prebiotics on the 
gastrointestinal microbiota [9, 10].

Doses of 4–15 g/d of inulin or oligofructose 
have been shown in several feeding studies 
to be able to modulate the composition of the 
intestinal microbiota, and increase levels of bifi-
dobacteria [38, 39]. A few studies have shown 
that prebiotics can also stimulate the growth of 
some lactobacilli [40], and even small amounts 
of NDO added to the diet have been shown to 
significantly affect bacterial populations in the 
gut [41]. Unlike probiotics, which are live micro-
bial supplements that can be added to the diet, 
prebiotics affect the growth of indigenous organ-
isms already present in the gut. However, in 
AlTH PrOMOTiON
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certain groups of individuals such as in patients 
with inflammatory bowel disease (ibD) [42] or 
the elderly [43], where there is a loss of beneficial 
bacteria (see later), it may be more useful to use 
a synbiotic combination of a prebiotic with a pro-
biotic [16] to obtain maximum health benefits.

by modulating the composition of the intes-
tinal microbiota, prebiotics can also increase 
levels of SCFA, resulting in lower intestinal 
pH, and the inhibition of a number of patho-
genic species. SCFA formation is one of the 
most important physiological processes medi-
ated by intestinal bacteria [44]. These fermen-
tation products are absorbed from the gut, and 
can provide up to 10% of the host’s daily energy 
requirements [45]. SCFA also affect intestinal 
epithelial cell transport processes, energy trans-
duction in colonocytes, growth and cellular 
differentiation, hepatic control of lipid and car-
bohydrate metabolism, and provide energy to 
muscle, kidney, heart and brain [46]. The main 
SCFA produced are acetate, propionate and 
butyrate. butyrate is important in that it is the 
principal fuel for colonocytes, and has been 
linked with the prevention of colon cancer and 
ibD (see later). Since greater than 95% of SCFA 
are absorbed in the gut, the amount that is  
produced with different prebiotics cannot be 
readily measured in fecal material. This has 
led to the use of in vitro models, such as vari-
ous forms of batch culture, single or multistage 
continuous culture models of the gastrointesti-
nal tract, to compare the fermentability of dif-
ferent prebiotics [47, 48]. in one study using pH 
controlled fermentors, 10 g/l, FOS and GOS 
were shown to increase acetate and butyrate 
formation, with transient accumulations of  
lactate and succinate [49]. interestingly, bifido-
bacteria and lactobacilli produce acetate and 
lactate but not butyrate. However, several stud-
ies have indicated that prebiotics can increase 
levels of butyrate in vivo and in vitro [50, 51]. in 
a study by langlands and coworkers, feeding 
7.5  grams of inulin and 7.5  grams of FOS per 
day was shown to increase levels of butyrate, 
b. PrebiOTiCS iN He
and increase numbers of bifidobacteria and 
eubacteria on the colonic mucosa [51]. This 
suggested that the eubacteria might be using 
lactate formed during bifidobacterial fermen-
tation to produce butyrate. in 2006, butyrate- 
producing species such as Anaerostipes caccae 
and Eubacterium halli were shown to be able to 
cross-feed on lactate produced by B. adolescentis 
growing on FOS, while a non-lactate utilizing, 
butyrate-forming Roseburia sp. could assimi-
late carbohydrate fragments formed when the 
Bifidobacterium hydrolyzed complex polymeric 
substrates [52]. While the main populations of 
bacteria stimulated by prebiotics are thought 
to be bifidobacteria and lactobacilli, due to this 
cross-feeding, the final outcome of fermenta-
tion may be affecting a larger number of bacte-
rial groups than was initially thought. increased 
numbers of eubacteria and roseburia have been 
found in studies with inulin, and clostridia  
have also been shown to utilize FOS [53]  
and bacteroides and clostridia to ferment GOS 
[54, 55].

While many studies on prebiotics have prin-
cipally concentrated on SCFA formation, and 
increases in bifidobacterial numbers in feces, 
in vitro studies have shown that they may also 
inhibit the adherence of intestinal pathogens, 
which could be due to the prebiotic mimicking  
pathogen receptors on epithelial cells. The attach-
ment of enteropathogenic Escherichia coli (ePeC) 
to Hep-2 and Caco-2 cell lines was shown to 
be inhibited by GOS, which was more effective 
than either inulin or FOS in this respect [56] 
and transgalacto-oligosaccharides (TOS) were 
reported to increase the protective abilities of 
B. breve in mice infected with Salmonella enterica 
serovar Typhimurium [57].

3. PreBIotIcS aND IBD

The two main forms of idiopathic ibD are 
ulcerative colitis (UC) and Crohn’s disease (CD).  
AlTH PrOMOTiON
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Germ-free animals do not get colitis unless 
repopulated with bacteria, and this suggests 
that bacterial species belonging to the nor-
mal intestinal microbiota play a key role in the 
pathogenesis of UC [58]. UC is confined to the 
colon and the symptoms include rectal bleed-
ing, diarrhea and abdominal pain, whereas 
CD is a more heterogeneous condition that can 
occur along the entire length of the gastrointes-
tinal tract [58]. The etiology of ibD is unclear, 
but is thought to be multifactorial, involving 
not only the colonic microbiota, but also genetic 
and environmental factors, as well as dysregu-
lation of the immune system leading to an 
imbalance of pro-inflammatory cytokine forma-
tion, and the Th1 and Th2 responses modulated 
through NF-b [58]. Treatment for UC usually 
involves suppression or modulation of the host 
inflammatory response using corticosteroids, 
aminosalicylates or immunomodulatory agents, 
depending on the severity and localization of 
the disease. However, some individuals cannot 
tolerate these treatments, which can have vari-
ous debilitating side effects [59]. Surprisingly, 
given the degree of microbial involvement in 
ibD, the few studies that have been done using 
antibiotics to treat UC have suggested that they 
are of limited use. Antibiotic resistance can 
also develop, and unless specifically targeted, 
antibiotics can cause severe disturbances in 
the microbiota. Moreover, bacteria involved in 
inflammatory processes in UC probably grow 
in biofilms on the mucosa [42, 60], which have 
been shown to be resistant to antibiotics [61].

Dysbiosis in the colonic microbiota is thought to 
occur in ibD, and several studies have shown that 
lower levels of bifidobacteria and increased con-
centrations of putatively pathogenic bacteria, ente-
rococci, enterobacteria and other Gram-positive 
cocci [42, 62, 63] occur in both UC and CD.

evidence suggests that prebiotics such as FOS, 
GOS and inulin are useful in animal studies with 
induced colitis. in rat and murine models, they 
have been shown to reduce mucosal inflamma-
tion, reduce inflammatory markers [64], increase 
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butyrate concentrations, increase numbers  
of lactobacilli and bifidobacteria, and attenuate 
NF-b activation [65].

However, at the time of writing, there have 
been few human clinical trials of the effects of 
prebiotics in ibD [58]. Welters and colleagues [66] 
demonstrated an improvement in 20 patients 
with pouchitis, which is a clinical condition in 
patients who have had an ileal pouch-anal anas-
tomosis after total colectomy, using 24 grams 
of inulin over a relatively short experimental 
period of 3 weeks. Although the study was not 
placebo controlled, improvements were found in 
endoscopic and histological scores, together with 
a reduction in bacteroides, and increases in fecal 
butyrate. Two small open label studies have been 
done looking at FOS and inulin in children and 
adults. The first was a crossover trial in which 
10 children with active CD were randomized to 
a combination of inulin and FOS for 3 weeks, or 
were given a placebo. Significant improvements 
were seen in weight gain, and a decrease in the 
pediatric Crohn’s disease activity index was found 
in the prebiotic group [67]. in the second study, 15 
patients with active Crohn’s were given 15 grams 
of FOS daily, which resulted in significantly 
increased levels of fecal bifidobacteria, and 
reductions in the Harvey bradshaw clinical index 
[68]. increased numbers of il-10 positive dendritic 
cells were detected in the prebiotic group, as well 
as in dendritic cells expressing the pattern recog-
nition receptors, Tlr2 and Tlr4.

FOS and inulin have been shown to modify 
not only the bacterial compositions of feces, but 
also of mucosa-associated microbiotas in the 
upper and lower gut [51]. This may be of clinical 
relevance, since UC primarily affects the mucosa, 
and in several studies, a reduction in bifidobac-
teria has been detected on the colonic mucosa  
[42]. Furrie and coworkers [10] reported a double  
blind randomized controlled trial in which a 
synbiotic was fed to UC patients for 4 weeks. 
eighteen individuals were involved in the study, 
and those receiving the synbiotic were given  
12 grams of Synergy 1® (oligofructose-enriched 
eAlTH PrOMOTiON
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inulin) and 2  1011 live Bifidobacterium longum 
per day. levels of mucosal bifidobacteria 
increased 42-fold in patients receiving the syn-
biotic, compared to 4.6-fold in those receiving 
the placebo. At the end of the study, the prebi-
otic group had significant reductions in mucosal 
pro-inflammatory cytokines (TNF-, il-1) 
and inducible human -defensins (hbD). hbD 
are anti-microbial peptides only formed by  
epithelial cells in inflamed tissues, but unlike 
the pro-inflammatory cytokines, they are not 
produced by inflammatory infiltrates, making 
them good markers of epithelial healing. in the 
most severely ill patients, C-reactive protein fell 
to normal levels. regeneration of the epithelium 
and a decrease in inflammation occurred in the 
synbiotic patients at the end of the trial, with 
reductions in both histology and sigmoidoscopy 
scores.

4. caNcer

Diets low in fruits and vegetables, and high 
levels of animal fats and proteins, along with 
lifestyle and genetics factors have been impli-
cated in the pathogenesis of colorectal cancer 
(CrC), which is now the third most common 
cancer worldwide. There is good evidence for the 
involvement of intestinal bacteria in the etiology 
of this disease, since they are able to produce a 
range of mutagenic and genotoxic compounds. 
Several bacterial enzymes such as -glucosidase, 
-glucuronidase, nitroreductase and azoreductase 
are thought to be involved in the production of 
genotoxic substances from dietary or environmen-
tal precursors, and increased proteolysis can lead 
to more toxic substances such as indoles, phenols 
and amines being formed. The use of prebiot-
ics is a promising method of supplementing the 
diet to protect against bowel cancer, by increas-
ing the availability of fermentable carbohydrate, 
reducing putrefactive processes, and modulating 
bacterial physiology and ecology to decrease the 
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production of toxic metabolites. However, results 
from studies on the ability of prebiotics to reduce 
these enzyme activities have been mixed, and in 
several studies, prebiotics have had no effect on 
these genotoxic enzymes. in one investigation, no 
differences were detected in fecal -glucosidase 
or -glucuronidase activities after feeding inu-
lin to constipated elderly volunteers [69]. Other 
work showed that consumption of 12.5 grams of 
FOS per day had no effect on either azoreductase, 
nitroreductase or -glucuronidase [70]. However, 
in one human feeding study involving 12 volun-
teers, while 4 grams of FOS per day had no effect 
on nitroreductase activity, reduced levels of fecal 
-glucosidase were detected [71], and feeding 12 
healthy young volunteers 15 grams of GOS or 
inulin per day was shown to significantly increase 
levels of acetate and reduced -glucuronidase 
[72]. Then in 2008, in a larger 4-week randomized 
crossover study involving 53 healthy subjects, lac-
tulose and inulin combined was shown to signifi-
cantly reduce fecal -glucuronidase activity [73].

Production of SCFA such as butyrate by 
intestinal bacteria may play a role in reducing 
cancer risk, and the survival of tumor cells [74]. 
butyrate has been shown to induce apoptosis 
(programmed cell death) [75] and to be able to 
modulate genes involved in regulating oxidative 
and metabolic stress in human colon cell lines 
[76]. it has also been shown to induce glutathione 
S-transferases in tumor cell lines, which may be 
linked to detoxification of dietary carcinogens 
[77], and to suppress both cytokine-induced and 
constitutive expression of the transcription fac-
tor NF-b in HT-29 cell lines [78]. in one study, 
intravenous administration of acetate was shown 
to increase peripheral blood antibody production 
and NK activity in cancer patients, compared to 
controls [79].

The majority of the work done so far on prebi-
otics and colon cancer has been done in animals, 
where the cancer has been chemically induced, 
and in most of these, prebiotics were shown to 
reduce the numbers of pre-cancerous aberrant 
crypt foci [17, 80]. in one study, reduced levels of 
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fecal and cecal genotoxins were found after feed-
ing azoxymethane treated rats a synbiotic combi-
nation of inulin/FOS, and two probiotic bacteria 
(Lactobacillus rhamnosus and Bifidobacterium lac
tis), or the prebiotic alone, which correlated with 
a reduction in tumor incidences [81]. rafter and 
colleagues carried out a human cancer study 
that was a randomized, double blind, placebo 
controlled trial using a combination of 12 g/
day inulin/FOS, and two probiotic bacteria 
Lactobacillus rhamnosus GG and Bifidobacterium 
lactis bb12 [82]. The investigation involved 37 
colon cancer patients, and 43 polypectomized 
patients, who were at high risk for colon can-
cer, for 12 weeks. increased numbers of lactoba-
cilli and bifidobacteria were detected in stools, 
and levels of C. perfringens decreased. The syn-
biotic also significantly reduced the ability of 
fecal water to induce necrosis in colonic cell 
lines, reduced colorectal cell proliferation, and 
enhanced epithelial function in the polypect-
omized subjects. Several immune markers were 
also measured in the study, and although the 
synbiotic was found to have no effect on the 
systemic immune system, its consumption was 
shown to increase production of iNF- in the 
cancer patients, and to prevent an increase of  
il-2 by peripheral blood mononuclear cells [83].

5. tHe aGING GUt

There is an increasing elderly population 
worldwide. As people get older their health often 
deteriorates, and they have a greater susceptibility 
to chronic diseases and gastrointestinal infections, 
which results in increased morbidity and mortal-
ity. Several human gut functions are affected with 
age, including reductions in intestinal immunity 
associated with age-related T cell changes, and 
reductions in antibody production, as well as a 
decline in cell-mediated immunity [84, 85] which 
increases their susceptibility to gastrointestinal  
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infections [86]. The elderly often suffer from 
loss of taste and the ability to chew, which may 
lead to malnutrition, which has been linked to a 
decline in immune responses [87]. They also have 
decreased intestinal transit times, which can lead 
to constipation, and results in increased proteoly-
sis and the formation of toxic putrifactive metab-
olites such as phenols, amines, sulfide, ammonia 
and indoles.

increased numbers of proteolytic bacteria such 
as fusobacteria and clostridia have been detected 
in elderly people, with a greater increase in clos-
tridia occurring after antibiotic treatment [43]. 
early studies on fecal material demonstrated that 
lower numbers of colonic anaerobes, particularly 
bifidobacteria and higher numbers of yeasts, 
enterobacteria, streptococci and Clostridium per
fringens, occurred in the elderly gut [88–90]. in a 
cultural study by Woodmansey and colleagues 
[43], along with the increase in potentially more 
harmful bacteria such as clostridia, enterococci 
and enterobacteria in older people, a concomi-
tant decrease in numbers and species diversity 
of beneficial bacteria such as bifidobacteria was 
detected. Other studies have also detected a 
reduction in bifidobacterial species diversity in 
older people, with the fecal microbiota reported 
to be comprised of only one or two dominant 
bifidobacteria, in particular B. adolescentis and 
B. longum [91, 92]. Changes in bifidobacteria are 
of particular interest because of their associa-
tion with gut health. it has been suggested that 
reduced abilities of bifidobacteria to adhere to 
the colonic mucosa may be a factor in the decline 
of these organisms in older people [92, 93].

These findings would suggest that this is 
a particularly good target group for prebiotic 
usage in the human population, in that there is 
considerable scope for improving the composi-
tion of their gut microbiotas. These individuals 
would benefit from the immunomodulatory and 
bifidogenic properties of prebiotics in improving 
intestinal health. The majority of prebiotic stud-
ies on the elderly so far have been designed to 
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determine their effects on constipation. While the 
results of these investigations are mixed, prebiot-
ics have been shown to be of benefit in several 
studies involving elderly constipated volunteers. 
in one double blinded feeding study, Kleesen 
and coworkers fed 25 healthy elderly consti-
pated volunteers 20 g/d of lactose or inulin for 8 
days, and then increased the amount to 40 g/day 
for a further 10 days [94]. With lactose, the num-
bers of enterococci increased while clostridia and 
lactobacilli decreased. With inulin, the numbers 
of bifidobacteria detected in feces increased, and 
the numbers of enterobacteria and enterococci 
went down, with nine of the 10 volunteers show-
ing a reduction in the symptoms of constipation. 
Although these were very high doses, this study 
demonstrates the beneficial effects of inulin in 
older people. in two other studies by the same 
group, involving constipated elderly men, feed-
ing 10 g/d oligofructose was reported to increase 
stool weight from 32 to 69 grams per day [95], 
while isomalto-oligosaccharides were able to 
increase stool weights by 70% [96].

bartosch and colleagues [9] carried out a 
placebo controlled randomized, double blind 
controlled trial to determine whether feeding 
a synbiotic comprising 6 grams of the prebi-
otic Synergy 1® (a mixture of oligofructose and 
long-chain inulin) in combination with a capsule 
containing 1010 colony forming units (CFU) each 
of B. bifidum and B. lactis could elicit significant 
changes in microbiota composition in fecal sam-
ples of healthy elderly people (mean age 73). 
The study lasted 4 weeks and a combination of 
molecular and cultural techniques was used. The 
synbiotic was given to nine elderly volunteers 
twice per day, and was compared to those given 
a placebo containing malto-oligosaccharides and 
potato starch. increased numbers and diversity 
of bifidobacteria were detected during the feed-
ing period in the test group compared to the pla-
cebo group, which could not be accounted for 
by the probiotics alone, and in some individu-
als given the synbiotic, bifidobacterial numbers 
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remained high for several weeks after cessation 
of synbiotic administration. indigenous bifido-
bacterial species, particularly B. adolescentis and 
B. angulatum, and some lactobacilli (e.g. L. caten
eforme) also increased greatly during synbiotic 
feeding, compared to the placebo group. This 
demonstrates that the prebiotic may be benefi-
cial in elderly people to restore levels of benefi-
cial immuno-stimulatory bacteria.

in one double blind placebo controlled trial, 
the effects of xylo-oligosaccharides (XOS) in the 
elderly has also been studied [97]. XOS can be 
found in bamboo shoots, fruit, vegetables and 
honey. Four sources of XOS were given per day 
to 22 elderly subjects (mean age 78.6 years) for 
3 weeks. A significant increase in the number 
of fecal bifidobacteria was detected in the XOS 
group, while no significant increases were found 
in the placebos. The authors also indicated that 
fecal moisture content went up in the prebiotic 
group, and that there was a reduction in fecal pH, 
which was probably due to increased SCFA pro-
duction by intestinal bacteria. The supplement 
did not affect nutrient intakes or the hematologic 
or biochemical parameters of the volunteers.

in order to assess the effects of nutritional 
supplementation with prebiotics on not only 
bifidobacteria, but also inflammatory param-
eters, Shiffrin and colleagues carried out a rand-
omized placebo controlled double blinded study 
involving 74 elderly patients (mean age 70), liv-
ing in either nursing homes or in the community 
[98]. The subjects were given 1.3 grams of oli-
gosaccharide daily for 12 weeks. While no sig-
nificant difference was found in fecal microbiota 
or in nutritional parameters, a reduction in pro-
inflammatory gene activation was detected in 
the prebiotic group, particularly with respect to 
TNF- and il-6 specific mrNA in blood leuko-
cytes. This suggests that prebiotics may improve 
low level inflammatory responses in the elderly.

Clostridium difficile associated diarrhea 
(CDAD) is one of the most common nosocomial 
infections in the elderly, particularly following 
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antibiotic treatment. Several studies have shown 
that probiotics can be beneficial in preventing 
CDAD; however, there have been few studies 
on the effects of prebiotics in these patients. Two 
large investigations were done by lewis and 
coworkers [99, 100]. in the first study, prebiotics 
were used with the aim of preventing the inci-
dence of infection, and in the second, in prevent-
ing relapse. While no reduction was found in the 
incidence of C. difficile, levels of fecal bifidobac-
teria were increased, and a significant reduction 
was detected in the rate of relapse in the prebi-
otic group compared to the placebos. In vitro fer-
mentation studies with mixed cultures of fecal 
bacteria growing on inulin and GOS (oligomate 
55) have demonstrated that the oligosaccharides, 
especially GOS, inhibited growth and toxin pro-
duction by Clostridium difficile [49]. However, 
while the GOS preparation in particular was 
shown to be bifidogenic, stimulating growth of 
B. adolescentis, B. angulatum and B. bifidum, these 
organisms were not responsible for suppressing 
the pathogen, indicating that other species in the 
microbiota were protective. These studies indi-
cate that prebiotics alone, or in combination as a 
synbiotic, can be beneficial in CDAD.

6. coNclUSIoNS—fUtUre 
cHalleNGeS for PreBIotIcS  
IN tHe GaStroINteStINal 

tract

it is now well-recognized that an imbalance in 
bacterial populations occurs in several gastroin-
testinal disorders and in the elderly. evidence 
from studies undertaken to date has indicated 
that prebiotics and synbiotics can beneficially 
modulate the intestinal microbiota, and that 
they have promising therapeutic potential for 
treating ibD and colon cancer, and in maintain-
ing a healthy microbial balance in the aging gut. 
However, there are still great deficiencies in our 
knowledge of the mechanisms of prebiotic action 
b. PrebiOTiCS iN He
and their involvement in disease processes. This 
will be enhanced in the future by the use of new 
more sensitive molecular techniques for micro-
biological analysis, as well as in measurements 
of immunological and cellular markers.
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C H A P T E R
1. InTroDUCTIon

An obvious decrease of microbial exposure 
in early childhood is believed to be one of the 
most probable causes of the worldwide increase 
in morbidity in allergic diseases. This hypoth-
esis is consequently supported by accumulat-
ing evidence from epidemiologic observations, 
suggesting crucial effects of microbial factors 
on early immune development. It has been 
previously shown that neonates, that go on to 
develop allergic disease, demonstrate a distinct 
pattern of early microbial gut colonization [1]. 
Therefore, it seems clear that these microbiota 
are essential to normal immune development 
and oral tolerance. Altogether, these studies 
gave rise to the experimental investigations 
on the potential application of microbial prod-
ucts to reduce allergic immune responses. As a 
consequence, several strains have already been 
identified to display documented health bene-
fits in human beings. The rationale for potential 
15ctive Foods in Promoting Health: Probiotics and Prebiotics 
probiotic application in allergic disease has been 
summarized as:

1. Epidemiological data suggesting a causative 
effect of high microbial exposure and 
protective, anti-allergic effects.

2. Neonates and infants demonstrate a  
certain level of immune ‘deviation’  
resulting in subsequent allergic disease, 
suggesting a need for early protective 
intervention.

3. A ‘critical time window’ of immune 
development in early infancy includes 
exposure to large amount of gut-colonizing 
bacteria.

4. A ‘western life style’ stands for changing 
pattern of gut microflora and increase in 
allergic diseases.

5. Application of microbiota in experimental 
models augments immunoregulatory 
mechanisms.

6. Gut microflora is believed to induce oral 
tolerance.
9 © 2010, Elsevier Inc. All rights reserved.
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concurrently, studies demonstrate that infants 
with allergies demonstrate a certain level of 
immune dysregulation before onset of the disease, 
and further that gut microbiota possess immune 
regulatory activity. Together, these findings pro-
vide an interesting concept of therapeutic use 
of live intestinal strains in order to influence the 
development of an allergic disease. This attractive 
option appeared initially to be supported by both 
preventive [2] and therapeutic [3] studies on pro-
biotics in allergic disease.

2. ProbIoTICs: MeCHAnIsMs  
of ACTIon

According to our current understanding of 
immune phenomena, the immune system requires 
systematic environmental pressure in order to 
develop properly. strong and direct evidence for 
the concept that contact with microorganisms 
through their constant pressure have an impact on 
the maturation of the immune system, comes from 
studies in animals grown in a germ-free environ-
ment (gnotobiotic animals). These animals develop 
only weak immunoregulatory mechanisms, and 
are at risk of acquiring diseases associated with 
immune dysfunction. These animals have been 
shown not only to be deficient in effective immune 
response to pathogens [4], but also to lack immune 
tolerance, thus over-expressing ‘pro-allergic’ 
T helper type 2 (Th2)-biased immune responses 
to an orally delivered antigen [5]. Interestingly, in 
these animals oral application of non-pathogenic 
lactic acid bacteria led to re-establishing oral toler-
ance mechanisms [6], suggesting an outstanding 
role of continuous oral microbial exposure for full 
immune competence.

The gut microbiota is the major source of 
microbial exposure, composed of more than 1014 
microorganisms, or 10 times the number of cells 
in the entire body with a total weight of 1 kg. 
Microbial colonization of the gastrointestinal tract 
seems to depend upon lifestyle and geographic 
c. PrEbIoTIcs ANd Pro
factors. Various studies have suggested a poten-
tial link between differences in the composition 
of the gut microbiota in infants living in various 
countries with a high and a low prevalence of 
allergies. similarly, intestinal microflora differs 
significantly between healthy infants and infants 
with allergies [7, 8].

Probiotics are defined as living microorgan-
isms which, on ingestion in certain numbers, 
exert health benefits beyond inherent general 
nutrition. Meanwhile, evidence is accumulating 
that probiotic bacterial strains—limited mainly 
to lactobacilli and bifidobacteria—can influ-
ence the immune system through a number of 
different ways. There have been multiple differ-
ent effects of probiotics on the immune system 
described (summarized in Table 11.1). however, 
their clinical consequences remain to be elu-
cidated. Probiotic bacteria have already been 
shown to act through circulating monocytes, 
local dendritic cells, and effector T and b cells, 
predominantly by reducing local inflammation. 
Interestingly, at least some of the anti-inflamma-
tory effects of probiotic bacteria are attributed to 
their direct action on enterocytes, and mediated 
through TLr (mainly TLr9 and possibly TLr2 
and TLr4) expressed on enterocytes [9]. They 
have also been demonstrated to control the sys-
temic limiting antigen load by increasing the 
integrity of the intestinal barrier.

of note, probiotic bacteria induce systemic 
immune regulatory mechanisms and therefore 
might regulate immune responses in distant 
organs by driving T cell regulatory network [10–12].  
They preferentially elicit two substantial T cell 
lineages, which counterbalance the predominance 
of the pro-allergic, T helper 2 directed immune 
response: the T helper 1 cells and the T helper 
3/T regulatory 1 cells, respectively [2, 3, 13, 14]. 
These cell types comprise the most immunosup-
pressive lineage of lymphocytes locally in the gut, 
and their activity suppresses the predisposition 
towards allergic reactions.

The crucial role in this network is attributed 
to dendritic cells. When primed with probiotic 
bIoTIcs As ThErAPIEs
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TAble 11.1 Probiotics and the immune system—evidence

Pathway Activity in experimental models  
and clinical settings

Immunomodulatory effects

Local effects
l Toll-like receptors TLr9-mediated anti-inflammatory effects decreased Th2 responses
l Enterocytes decreased cell signaling 

Augmented production of TGF-
Local immunosuppression 
Local tolerance mechanisms

l dcs Increased activity of dcs in the gut Tolerogenic dcs
l Tregs Local TGF- and IL-10 producing cells Increased local TGF-—induces IgA, Treg activity, 

tolerogenic dcs
l b cells Increased IgA production reduced systemic antigen load
l T cells Th1 skewing reduced Th2 responses
l Mucosal barrier Increased regeneration and integrity of 

intestinal barrier 
Enhanced mucus production

reduced gut permeability for allergens/antigens

Systemic effects
l T cells see above
l b cells Increased IgA production in distal sites Increased antimicrobial immunity
l Monocytes Improved circulation of monocytes Increased antimicrobial immunity?
bacteria dcs have been shown to produce IL-10 
and by these means induce tolerogenic milieu for 
surrounding T cells [12, 15, 16]. Preliminary ani-
mal studies show unequivocally that probiotic 
feeding promotes immunoregulatory activity in 
the gut, by inducing regulatory T cell popula-
tions that act in distal mucosal sites [17, 18]. In 
these experiments local increased T regulatory 
responses are associated with systemic activation 
of regulatory mechanisms and inhibition of sys-
temic allergic inflammation. Logically, probiotic 
microorganisms were shown in human beings to 
indirectly influence the newborns’ immunity by 
activating tolerance mechanisms, even if given to 
lactating mothers via an increase in breast milk 
TGF- concentration [19].

The impact of probiotic treatment on systemic 
IgE concentrations reveals conflicting results. In 
the majority of studies, which showed beneficial 
effects of probiotic treatment on atopic eczema 
and dermatitis, IgE responses stayed unaffected 
[2, 20–23]. however, application of probiotics 
c. PrEbIoTIcs ANd Pro
along with prebiotics was observed to increase 
serum IgE concentrations [24], but this effect par-
adoxically was associated with protection from 
IgE-mediated allergy. It is also well-recognized 
that intestinal microbiota positively affects IgA 
production, both locally (in the gut) as well as in 
distal sites (respiratory tract). The gut-associated 
lymphoid tissue (GALT) supplements in part the 
integrated common mucosal immune system, 
which consists of various mucosae across the 
body, and provides sufficient numbers of IgA-
producing lymphoblasts, that are generated and 
maturate in the GALT. This phenomenon has 
also been shown for the T cells that are commit-
ted to Treg lineage in the gut before seeding to 
distal mucosal sites in the respiratory tract. These 
observations provide a possible explanation for 
how the gut micobiota seem to enhance systemic 
regulatory mechanisms and enhance IgA pro-
duction in distal organs [25–27].

A previously described enhanced effect of pro-
biotic supplementation on monocyte maturations 
bIoTIcs As ThErAPIEs
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remains less clear and further studies are needed 
to verify systemic effects of gut microbiota on bone 
marrow-derived cell populations [8]. It is worth 
stressing that all these effects seem to be related to 
particular bacterial species, as indicated by previ-
ous studies. Among others L. casei and L. reuteri 
and, but not L. plantarum, were shown to modulate 
dendritic cell function to induce the commitment 
of IL-10-producing regulatory T cells [15].

3. ClInICAl effeCTs of 
ProbIoTICs AnD PrebIoTICs  

In THe TreATMenT of  
AllergIC AsTHMA

The vast majority of studies to investigate the 
beneficial role of probiotics in the treatment of 
allergies have analyzed their efficacy in early 
allergic diseases like food allergy and atopic 
dermatitis. In this line of investigation research 
focused on the use of probiotics in children 
with atopic dermatitis demonstrating mild but 
promising effects (this subject will be exten-
sively discussed in the other chapters). These 
studies allowed for the selection of some probi-
otic strains demonstrating the most efficacious 
effects in clinical settings. In the second line of 
investigations, clinical studies were addressed 
to demonstrate potential therapeutic effects of 
probiotics in the treatment and prevention of 
allergic airway diseases (Tables 11.2 and 11.3).

The first study to address this (Table 11.2) 
demonstrated no clinical improvement in young 
adults with moderate asthma when treated 
with probiotic-fortified yogurt (n  15) during 
the 56-week treatment period compared with 
a placebo group [28]. The second study again 
included young adults, in which the severity 
of the disease was not known and documented 
no significant difference in symptoms in all par-
ticipants after 28 weeks; however, a slight (non-
significant) decrease in the challenge symptoms 
was noted in the group receiving probiotics 
c. PrEbIoTIcs ANd Pr
(Lactobacillus rhamnosus) [29]. These were both 
very small studies and only included young 
adults who are less likely to be susceptible for 
successful immune modulation. one further 
study in a larger cohort (n  187) [30] found no 
beneficial effect after 12 months of treatment in 
toddlers with allergic asthma (age 2–5 years) 
receiving L. casei. The second study in children 
with asthma (n  17) did not demonstrate any 
improvement in patients receiving Enterococcus 
faecalis strain while also receiving acupuncture 
for 22 weeks [31].

In summary, there are no studies proving any 
favorable effects of probiotics on allergic asthma 
either in children or in older individuals. The 
lack of effect of these products in established 
asthmatic phenotype suggests that if any benefi-
cial effect exists, it should be limited to a hypo-
thetical ‘time window of opportunity’ before 
allergic disease is established. This ‘window of 
opportunity’ has been postulated to be located 
in early infancy, since the first onset of allergy 
frequently occurs within the first months of life 
and this time is crucial for the maturation of 
the immune system including the gut defense 
mechanisms [9, 32].

4. role of ProbIoTICs  
AnD PrebIoTICs In  

PrevenTIon of AllergIC  
AsTHMA

clinical studies in individuals with estab-
lished allergic disease have failed to demon-
strate any beneficial effect. on the other hand, 
previous reports from animal studies suggested 
an existence of a critical ‘time window of oppor-
tunity’ for successful immune modulation with 
probiotics [9, 32]. Therefore, it appeared logi-
cal, from an immunological point of view, to 
investigate the benefits of probiotics in very 
early infancy, when the immune system is 
under development. There are now a number 
obIoTIcs As ThErAPIEs
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TAble 11.2 Characteristics and summary of four RCTs that evaluated the therapeutic effects of pro

Trial No. of 
patients 
(age)

Severity of 
asthma

Study 
duration

Treatment Probiotic 
strain

Type of 
outcomes

Outcomes

Wheeler, 
1997 [28]

15 (13–45 
years)

moderate 56 weeks yogurt 
containing 
probiotics  
vs placebo for  
4 weeks

Lactobacillus 
acidophilus 
(7.6  108 
cFU)

clinical and 
laboratory

no differences in
no difference in 
no difference in 
eosinophils
no difference in 
no difference in 

helin,  
2002 [29]

38 (young 
adults)

not 
reported

28 weeks capsules twice 
daily for  
22 weeks

Lactobacillus 
rhamnosus 
(1010 cFU)

clinical no differences in
score during sea
no differences in
prevalence
no decrease in sy
during pollen se

Giovannini, 
2007 [30]

187  
(2–5 years)

intermittent 
to moderate 
persistent

12 months fermented milk 
containing 
probiotic vs 
placebo

Lactobacillus 
casei (1010 
cFU)

clinical and 
laboratory

longer mean tim
episodes of asthm
no differences in
number of episo
no differences in
duration of an ep
asthma

stockert, 
2007 [31]

17 (6–12 
years)

1 year 
intermittent 
or mild 
persistent

22 weeks drops of 
suspension for 
7 weeks

Enterococcus 
faecalis (18  
107 cFU)

clinical and 
laboratory

no differences in
no differences in
no differences in
days missed from
to infections/big
patients without
of a febrile infect
no difference in 
no difference in 
eosinophils
no difference in 
no difference in 
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TAble 11.3 Characteristics and summary of the 13 RCTs that evaluated the preventive effects of probio

Trial No. of  
patients 
(age)

Participant 
characteristic

Study 
duration

Type of intervention Probiotic strain Outcomes

Kalliomaki, 
2001 [2]

132 (of 
initial 159); 
(36 hbd–6 
months)

term infants 
with family 
history of 
allergic 
disease

2 years PrEVENTIoN: probiotic was 
given prenatally to pregnant 
woman for 2–4 weeks before 
delivery and after birth to 
breast-feeding mothers or to 
children for 6 months

LGG reduced fre
atopic ecze
no significa
in asthma p
childhood

Taylor, 2006 
[33]

226; (0–6 
months)

term infants 
of atopic 
women

12 months PrEVENTIoN: probiotic 
freeze-dried powder dissolved 
in water and given orally from 
birth to 6 months vs placebo

Lactobacillus 
acidophilus  
LAVrI-A1

no significa
in asthma i
infancy

Abrahamsson, 
2007 [20]

188 (of 
initial 232); 
(36 hbd–6 
months)

term infants 
with family 
history of 
allergic 
disease

2 years PrEVENTIoN: probiotic 
freeze-dried, suspended 
in coconut and peanut oil 
given to mother for 4 weeks 
before delivery and baby for 
12 months after delivery vs 
placebo

Lactobacillus 
reuteri

Non-signifi
cumulative
asthma
no significa
in asthma i
infancy
higher cum
incidence o
including a
no differen
cumulative
eczema
no differen
circulating 
no differen
infections r

Kukkonen, 
2007 [35]

925 (of 
initial 
1223); (36 
hbd–6 
months)

term infants 
with family 
history of 
allergy

2 years PrEVENTIoN: probiotic 
mixture was given prenatally 
to pregnant woman daily for 
2–4 weeks before delivery 
and after birth to infants 
for 6 months (together with 
prebiotic) vs placebo

LGG, L. 
rhamnosus Lc705, 
Bifidobacterium 
breve bb99, 
Propionibacterium 
freudenreichii ssp. 
schermani

no effect of
disease
reduced fre
atopic ecze

Kopp,  
2008 [22]

94 (of 
initial 102); 
(34 hbd–6 
months)

term infants 
with family 
history of 
allergic 
disease

2 years PrEVENTIoN: probiotic vs 
placebo was given prenatally 
to pregnant woman daily for 
4–6 weeks before delivery and 
after birth for 6 months

LGG no differen
of atopic de
more frequ
of recurren
bronchitis (
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soh,  
2008 [38]

253; (0–6 
months)

term infants 
with family 
history of 
allergic 
disease

1 year PrEVENTIoN: cows’ milk 
formula with or without 
probiotic daily for 6 months

Bifidobacterium 
longum bL999 
and Lactobacillus 
rhamnosus

no dif
incide

reduc
eczem
no sig
on ato

Wickens,  
2008 [21]

474; (36 
hbd–6 
months)

term infants 
with family 
history of 
allergic 
disease

2 years PrEVENTIoN: probiotic  
(2 strains) vs placebo was given 
prenatally to pregnant woman 
for 4 weeks before delivery and 
after birth to breast-feeding 
mothers and to children for  
6 months

L. rhamnosus, 
hN001 and 
Bifidobacterium 
animalis subsp. 
lactis

Kuitunen,  
2009 [34]

891 (of 
initial 
1223);  
(26 hbd–6 
months)

term infants 
with family 
history of 
allergic 
disease

5 years PrEVENTIoN: probiotic 
mixture was given prenatally to 
pregnant woman daily for 2–4 
weeks before delivery and after 
birth to infants for 6 months 
(together with prebiotic) vs 
placebo

LGG,  
L. rhamnosus 
Lc705, 
Bifidobacterium 
breve bb99, 
Propionibacterium 
freudenreichii ssp. 
schermani

no dif
freque
allerg
asthm
less Ig
eczem
sensiti
delive

Thornton, 
Morgan et 
al., swansea, 
United 
Kingdom

600; (36 
hbd–6 
months)

term infants 
with family 
history of 
allergic 
disease

5 years PrEVENTIoN: probiotic 
mixture was given prenatally 
to pregnant woman daily for 
2–4 weeks before delivery  
and after birth to infants for  
6 months vs placebo

Lactobacillus 
salivaris, 
Lactobacillus 
paracasei, 
Bifidobacterium 
infantis, 
Bifidobacterium 
bifidum

study

Niers, rijkers, 
hoekstra et al., 
Utrecht, The 
Netherlands

120; 36 
hbd–12 
months)

term infants 
with family 
history of 
allergic 
disease

12 months PrEVENTIoN: probiotic 
mixture (3 strains) was 
given prenatally to pregnant 
woman daily for 4 weeks 
before delivery and after birth 
to infants for 12 months vs 
placebo

Lactococcus lactis, 
Bifidobacterium 
infantis, 
Bifidobacterium 
bifidum

study

Lau, 
Wahn, and 
hamelmann, 
berlin, 
Germany

650; (0–6 
months)

term infants 
with family 
history of 
allergic 
disease

3 years PrEVENTIoN: probiotic 
mixture (2 strains) directly to a 
child daily for 6 months

Streptococcus 
faecalis dsM 
16440, Escherichia 
coli, dsM 17252

study
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of reports taking up the role of probiotics in pri-
mary prevention of allergic asthma (as detailed 
in Table 11.3). The pioneer study to investigate 
the role of probiotics in this context undertook 
to administer L. rhamnosus to mothers (starting 
2–4 weeks before delivery) and to infants in the 
first 6 months of life [2]. Although this report 
revealed an apparent reduction in the incidence 
of eczema at 2 years, no significant decrease in 
respiratory allergy, IgE levels, or allergic sensi-
tization anti-asthmatic was observed. A number 
of subsequent research papers with other strains 
of lactobacilli also did not find any favorable 
effects on allergic asthma prevention.

1. In one of the studies [33] in which 
Lactobacillus acidophilus was given probiotic 
supplementation for the first 6 months of life 
did not alter early immune responses and no 
significant difference in asthma incidence was 
found.

2. In two other studies [20, 34], probiotic 
administration (three different strains) was 
associated with reduced incidence of IgE-
associated eczema, indicating potential 
positive effect on asthma incidence. 
however, this effect (non-significant 
lower cumulative incidence of asthma) 
was observed only in the first study by 
Abrahamsson (n  188) and was not 
reproduced in the other reports [20]. of  
note, in the second study a combination 
of strains and prebiotic galacto-
oligosaccharides was used.

3. There are now four other published studies 
(recapitulated in Table 11.3) and at least 
three other studies in progress at the time 
of writing to investigate the efficacy of 
a range of probiotic species for allergy 
prevention, most using pre- and postnatal 
infant supplementation. The four published 
reports failed to show any reduction in 
allergic airway disease despite changes in 
intestinal colonization. rather, there was 
a disconcerting increase in the frequency 
c. PrEbIoTIcs ANd Prob
of wheezy bronchitis in one study and, 
astonishingly, the authors concluded that 
probiotic supplementation cannot generally 
be recommended for the primary prevention 
of allergy.

The vast majority of presented studies used 
probiotics and one [34, 35] tested a combina-
tion of pro- and prebiotics. despite promising 
immunomodulatory effects, as tested in animal 
models, none of these studies demonstrated any 
clear effect on asthma prevention. basing on 
this, at this stage it is not reasonable to recom-
mend probiotics and/or prebiotics for respira-
tory allergy prevention. however, prospective 
analysis of these populations may allow for an 
assessment on long-term outcomes, particularly 
in respect to possible effects on allergic asthma. 
The outcomes of the other studies (Table 11.3) 
are expected with great anticipation, especially 
in respect to the prevention of atopic eczema.

5. fInAl reMArks

5.1. Prebiotics

There is an interesting discrepancy between 
promising results from the animal studies, sug-
gesting the therapeutic potential of probiotic 
strains in airway allergy and the results from 
clinical studies. Moreover, a number of studies 
demonstrate some beneficial effects on the sup-
pression of the Th2-directed immune responses 
and potential therapeutic application in atopic 
eczema and allergic rhinitis [8, 36]. Therefore, 
one may speculate that supplementation with 
a single probiotic strain might be insufficient  
to have a major impact on the very diverse 
intestinal flora and the multidirectional inter-
actions between the gut microbiota and the 
host. This notion has led to a transfer in inter-
est to dietary supplements that could promote 
more massive effect on gut microbiota—namely, 
prebiotics. These compounds, which include 
IoTIcs As ThErAPIEs



167REfERENCEs
non-digestible but fermentable oligosaccha-
rides, accelerate the growth of beneficial micro-
bial species like Bifidobacterium and Lactobacillus. 
Therefore, it appeared logical from a microbio-
logical standpoint that increasing the consump-
tion of foods containing these products can 
positively affect the composition and activity of 
intestinal microbiota. This is a possible mecha-
nism by which the increased consumption of 
grains and cereals has some protective effects, 
as it has been seen in epidemiologic studies. As 
there is only one study showing no protection 
from allergic asthma when pre- and probiotics 
were used [34, 35], we believe that, at this stage, 
there is still too little data to confirm or exclude 
directly the immunologic or therapeutic effects 
of prebiotic supplements.

5.2. Different strains

Possible explanations for the various results 
among trials in atopic eczema, allergic rhinitis 
and allergic asthma may include differences in 
the bacterial strains used and individual factors 
that could affect microbial responsiveness and 
allergic susceptibility. Taking into considera-
tion good experimental evidence from animals 
to suggest its effectiveness in allergy prevention 
and a limited number of strains used in the pre-
sented studies, one cannot dismiss the notion 
that this approach may still be useful when a 
more potent probiotic strain will be found and 
applied successfully.

5.3. Adverse effects

despite the fact that probiotic food supple-
ments are believed to be relatively harmless, it 
might happen that some commercially available 
products might enclose some milk contaminants 
and therefore cause side effects in anaphylactic 
individuals. The significance of this should be 
thoroughly explored in further studies, since 
there are prevention studies reporting adverse 
c. PrEbIoTIcs ANd Pro
outcomes [22, 37]. These reports arouse caution 
in the middle of the growing public enthusiasm 
for probiotics.

6. ConClUsIon

It is clear from the review of the presented 
literature that this issue cannot be definitively 
resolved at this time, and there is currently not 
enough data to recommend or reject this as a 
part of routine management in any allergic dis-
ease or for prevention. Even though there have 
been great expectations, currently there is gen-
eral agreement that more trials are warranted to 
confirm this, and that any benefits are not likely 
to be impressive.
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C H A P T E R
1. InTroDUCTIon

The prevalence of postoperative infections 
is still alarming and continues to represent a 
major problem in surgical units. Sepsis is still 
a main cause of postoperative morbidity and 
mortality after abdominal surgery [1]. Sepsis, 
as defined by the American College of Chest 
Physicians/Society of Critical Care Medicine 
consensus definition, is the systemic inflamma-
tory response syndrome due to an infection [2], 
and is currently the tenth overall leading cause 
of deaths in the United States, with fatality rates 
between 20 and 50% [3].

The gastrointestinal tract of healthy individu-
als contains approximately 10-fold more microbes 
than the total of eukaryotic body cells [4]. This 
huge amount of indigenous flora is constrained 
in the intestinal intraluminal space especially due 
to the properties of the gut barrier. The disrup-
tion of the gut barrier can result in an invasion 
of either microbes or endotoxin to the organ-
ism, resulting in systemic inflammation and 
septic complications. Bacterial translocation 
is a well-known phenomenon defined as the 
17 Foods in Promoting Health: Probiotics and Prebiotics 
passage of viable indigenous bacteria from the 
intestinal tract through the epithelial mucosa to 
the mesenteric lymph nodes, and then to the sys-
temic circulation [5]. In surgical patients bacterial 
translocation is a source of inflammation, sepsis, 
and is directly associated to postoperative infec-
tions [6, 7]. In agreement, gut origin bacteria pre-
dominates in postoperative infections. The most 
frequent aerobic bacteria are Escherichia coli and 
Enterococci sp., and the main anaerobic bacteria 
are the Bacteroides fragilis group, Peptostreptococcus 
spp. and Clostridium spp. [8] (Table 12.1).

2. raTIonale For The USe oF 
proBIoTICS In SUrGery

Regardless of the correct use of prophylac-
tic antibiotics and accurate surgical technique, 
postoperative infections remain a serious con-
cern, an important cause of morbidity and 
mortality, and an enormous source of costs in 
surgical practice [1]. Therefore, new strategies 
should be developed to minimize this problem.
1 © 2010, Elsevier Inc. All rights reserved.



12. ROLE OF PROBIOTICS AND PREBIOTICS IN SURGERY172
The normal microbiota protects the organism 
from colonization of pathogenic species, pro-
duces short-chain fatty acids (SCFA) to nour-
ish the epithelium, induces local and systemic 
immunity, and helps gut motility [9]. As it is 
possible to manipulate the composition of the 
gastrointestinal microflora by administration 
of pre- and probiotics it seems logical that this 
therapy may have a role in preventing infec-
tions in surgical patients. Probiotics are defined 
as preparations containing adequate numbers 
of viable, defined microorganisms, which confer 
to the host health benefits [10, 11]. Prebiotics are 
non-digestible sugars that selectively stimulate 
the growth of certain colonic bacteria (bifido-
bacteria and lactobacilli), thereby increasing the 
body’s natural resistance to invading pathogens 
[12]. In addition, there is increasing evidence 
that fermentable dietary fibers and the newly 
described prebiotics can modulate various prop-
erties of the immune system, including those of 
the gut-associated lymphoid tissues (GALT), 
secondary lymphoid tissues and peripheral cir-
culation [13].

The interaction between bacteria and host 
plays an important role in the understanding of 
mechanisms of bacterial translocation, systemic 
inflammatory response syndrome (SIRS), and the 
development of postoperative infections. This 

TaBle 12.1 The most frequent bacteria in abdominal 
infections [8]

Anaerobic bacteria Aerobic bacteria

-haemolytic streptococci Peptostreptococcus spp.

-haemolytic streptococci Microaerophilic streptococci

Enterococcus spp. Propionibacterium acnes

Staphylococcus aureus Veillonella parvulla

Escherichia coli Clostridium spp.

Klebsiella pneumoniae Fusobacterium spp.

Proteus mirabilis Bacteroides fragilis group

Serratia marcescens Prevotella spp.

Pseudomonas aeruginosa
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interaction take place in three levels as described 
in Table 12.2. At the gut lumen, interaction 
between microbiota may prevent colonization 
and enhance the digestion and absorption of var-
ious nutrients. In surgical patients, the interaction 
balance between these three levels is modified 
due to either the initial insult (chronic disease, 
trauma, burn, etc.) or the use of antibiotics.

Specific probiotic strains prevent bacterial 
overgrowth of potential pathogens by direct anti-
microbial effects (such as lactic acid production) 
and competitive growth. The physical property 
of the gut barrier is fundamental in protecting 
the organism from the invasion of pathogenic 
bacteria. Various conditions during the opera-
tion, such as gut manipulation, resection, and 
the placement of sutures, can disrupt the conti-
nuity of the mucosal barrier. The inflammatory 
response to trauma increases the gut permeabil-
ity enhancing bacterial translocation [6, 7]. The 
immune system plays a crucial role in prevent-
ing infections. Continuous cross-talking between 
the gut microbiota and the immune system 
induces a suitable immune response to the inva-
sion of bacteria [9, 11]. In this context, probiotics 
may confer protection against all mechanisms 
involved in bacterial translocation. All at once 
probiotics can generate SCFA and consequently 
enhance mucosal trophism, increase intestinal 
motility, and enhance the innate immune system, 
i.e. they could promote beneficial effects to the 
patients by acting on the three levels of the host-
microbial interaction [9, 12]. For these reasons, it 
is thought that probiotics may prevent bacterial 
translocation and consequently may diminish 
postoperative infections (Table 12.2).

TaBle 12.2 Level of interaction between microbes 
and host

Level of interaction Quality of interaction

1. Intraluminal Microbe–microbe

2. Intraluminal Microbe–gut epithelium

3. Gut wall, lymphonodes Microbe–immune system
BIoTICS AS TheRAPIeS



1735. CLINICAL TRIALS
3. raTIonale For The USe oF 
preBIoTICS In SUrGery

Prebiotics are selectively fermented ingredi-
ents which allow specific changes, both in the 
composition and/or activity in the gastrointes-
tinal microflora that confers benefits upon host 
well-being and health [14]. They are dietary fibers 
including inulin or pectin with a well-established 
positive impact on the intestinal microflora. A 
number of poorly digested carbohydrates fall 
into the category of prebiotics, including certain 
fibers and resistant starches, but the most widely 
described prebiotics are non-digestible oli-
gosaccharides. Prebiotics may promote various 
beneficial effects into the gastrointestinal tract.  
however, most of the health effects of prebiot-
ics are indirect, i.e. mediated by the intestinal 
microflora, and therefore less well-proven [15]. 
The combination of pre- and probiotics is called 
‘synbiotics’. Gibson and Roberfroid defined syn-
biotics as a mixture of prebiotics and probiotics 
that beneficially affects the host by improving 
the survival and implantation of live microbial 
dietary supplements in the gastrointestinal tract, 
by selectively stimulating the growth and activat-
ing the metabolism of one or a limited number of 
health-promoting bacteria, and thus improving 
host welfare [9, 14].

In the surgical field, the association of pro-
biotics and prebiotics seems reasonable due to 
their synergic effect at the mucosal barrier set-
ting. A number of both experimental and clinical 
studies aiming at investigating this hypothesis 
have been conducted with interesting results.

4. anIMal STUDIeS

experimental studies have shown that the use 
of probiotics may prevent sepsis, reduce mortal-
ity or decrease the rate of bacterial translocation 
in various animal models [16–18]. Tsunoda et al. 
C. PReBIoTICS And PRo
reported that the pretreatment with Lactobacillus 
casei reduced mortality in rats submitted to fecal 
peritonitis [19]. Mangell et al. demonstrates that 
pretreatment with Lactobacillus plantarum pro-
tects against an E. coli-induced increase in intes-
tinal permeability [20].

Qin et al. performed an excellent study in a rat 
model of peritonitis induced by cecal ligation and 
perforation. Rats receiving parenteral nutrition 
were randomized after creation of experimental 
peritonitis to be either treated or not treated with 
probiotics via a jejunostomy tube for 5 days. The 
occludin expression, the integrality of the gut 
epithelial tight junction and microvilli, the bacte-
rial translocation rate and endotoxin in blood in 
probiotics group, all improved as compared with 
the control group [21]. Aguilar-nascimento et al. 
showed that a diet supplemented with probiotics 
(Streptococcus thermophilus e Lactobacillus helveticus) 
during the pre- and postoperative periods in rats 
submitted to colonic resection and anastomosis 
enhanced colonic weight and anastomotic burst-
ing strength postoperatively. IgA levels increased 
from intra- to postoperative periods only in ani-
mals receiving probiotics supplementation [22].

5. ClInICal TrIalS

Some controlled clinical trials have investi-
gated the benefits of probiotics in various surgi-
cal conditions. The potential effects of prebiotics 
in the gastrointestinal tract are:

l increased production of SCFA;
l increased energy uptake;
l selectively increases the population of 

bifidobacteria and lactobacilli;
l increased colonization resistance;
l prevention of bacterial translocation;
l prevention of diarrhea;
l prevention of constipation;
l stimulation of mineral absorption;
l prevention of colorectal cancer.
BIoTICS AS TheRAPIeS
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5.1. Trauma

Few randomized trials have looked into the 
effects of either probiotics or synbiotics in the 
trauma setting. In the three trial diets studied 
here all patients were administered by tube feed-
ing. In a double blind, placebo controlled trial, 
Kotzampassi et al. randomized 65 patients to 
receive a synbiotic formula containing synbiotics 
(Synbiotic 2000 Forte, Medipharm, Sweden) or 
maltodextrin as placebo once daily for 15 days. 
The formula contained 1011 cfu/g of each of the 
four bacteria: Pediococcus pentosaceus, Leuconostoc 
mesenteroides, L. paracasei ssp. paracasei; and  
L. plantarum, in association with inulin, oat bran, 
pectin, and resistant starch as prebiotics. All 
patients were critically ill due to severe multiple 
trauma. Infection rate (63 vs 90%; p  0.01), days 
of mechanical ventilation (16.7  9.5 vs 29.7  16.5 
days; p  0.001), and length of intensive care stay 
(27.7  15.2 vs 41.3  20.5; p  0.01) was signifi-
cantly decreased in the synbiotic group [23].

Another randomized controlled trial included 
113 multiple injured patients into four groups 
to receive enteral nutrition supplemented with 
glutamine or fermentable fiber; peptide diet; or 
fibers combined with the same Synbiotic 2000 
formula (Synbiotic 2000 Forte, Medipharm, 
Sweden), a mixture containing live lactobacilli 
and specific bioactive fibers. There were no dif-
ferences in the days of mechanical ventilation, 
intensive care unit stay, or multiple-organ fail-
ure scores between the patient groups. however, 
patients receiving the synbiotic formula had less 
lung infections and reduced intestinal perme-
ability than others [24].

Twenty subjects in an intensive care setting 
due to traumatic brain injury were randomized 
by Falcão de Arruda and Aguilar-nascimento 
to receive early enteral feeding with a standard  
formula that was associated or not associ-
ated with both glutamine (30 g) and probiotics 
(Lactobacillus johnsonii La 1 (LC1®; nestlé, São 
Paulo, Brazil) for at least 5 days. The infec-
tion rate was higher in controls (100%) when  
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compared with the study group (50%; p  0.03) 
and the median (range) number of infections 
per patient was significantly greater (p  0.01) 
in the control group [3 (1–5) days] compared 
with the study group [1 (0–3) days]. Both the 
critical care unit stay [22 (7–57) compared with 
10 (5–20) days; p  0.01; median (range)] and 
days of mechanical ventilation [14 (3–53) com-
pared with 7 (1–15) days; p  0.04; median 
(range)] were higher in the patients in the con-
trol group than in the study group. The central 
hypothesis of this study was that the association 
of glutamine with probiotics might promote 
a synergistic and favorable action in trauma 
patients. Glutamine would improve both the 
enterocyte and immune cell nutrition, whereas 
the presence of probiotic bacteria would benefi-
cially alter the intraluminal environment [25].

In summary, all of these studies in trauma 
patients attested to the potential benefits of pro-
biotics/synbiotics in the postoperative outcome.

5.2. Major abdominal operation  
(Mainly Colorectal)

In elective abdominal operations the benefits 
of probiotics/synbiotics are less palpable. Four 
controlled randomized trials have investigated 
the postoperative outcome of patients submit-
ted to elective abdominal operations, mainly 
colorectal surgeries, and in three studies no sig-
nificant advantage of the probiotics/synbiotics 
was found [26–29].

Mcnaught et al. included 129 patients under-
going elective major abdominal surgery to receive 
perioperatively either an oral preparation con-
taining Lactobacillus plantarum 299v or a control 
diet. There was no significant difference between 
the two groups regarding bacterial translocation 
rate (12 vs 12%; p  0.82), gastric colonization 
with enteric organisms (11 vs 17%; p  0.42), or 
septic morbidity (13 vs 15%; p  0.74) [26]. The 
same group performed another randomized trial 
[27], this time enrolling 72 patients to receive an 
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oral synbiotic formula (Lactobacillus acidophilus 
La5, Bifidobacterium lactis Bb-12, Streptococcus 
thermophilus, and Lactobacillus bulgaricus, in asso-
ciation to oligofructose). Sixty-five other patients 
made up the placebo group. Again, the findings 
showed no significant differences between the 
synbiotic and control groups in bacterial translo-
cation (12.1 vs 10.7%; p  0.81), gastric coloniza-
tion (41 vs 44%; p  0.72), various surrogates of 
systemic inflammation, or septic complications 
(32 vs 31%; p  0.88). A third study performed by 
the same group, this time in patients undergoing 
elective colorectal resection, failed to find any 
beneficial effect of synbiotics in the postoperative 
outcome [28].

In a non-homogeneous population of patient 
candidates to major abdominal operations, Rayes 
et al. randomized [29] 90 subjects to receive either 
parenteral nutrition and fiber-free enteral nutri-
tion (group A), enteral fiber-containing nutrition 
with living Lactobacillus (group B), or heat-killed 
Lactobacillus (group C) for 7 days. The incidence 
of infections was significantly lower (p  0.01) in 
groups B and C, with enteral nutrition containing 
fibers (10% each), than in group A (30%). Patients 
receiving living Lactobacillus had antibiotics for a 
significantly shorter time (p  0.04) than patients 
in groups A and C. however, the length of hospi-
tal stay and the incidence of non-infectious com-
plications did not differ significantly.

It is reasonable to assume that the findings 
in trauma patients are most appreciable when 
compared to elective major abdominal opera-
tions. Although the reasons for this lack of effec-
tiveness are not clear at present, it is interesting 
to notice that all elective studies that failed used 
the oral route while the enteral route for admini-
stration of probiotics/synbiotics was used in 
studies performed in the trauma care. This par-
ticular point in the methodology of the study 
may play a role to explain the differences seen in 
postoperative outcome because some probiotic 
strains may not survive the acidic environment 
of the stomach. other possible explanations 
are the short period of treatment (a median of  
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4 days in the trials associated with no beneficial 
effect), and the distinct clinical condition of the 
enrolled patients.

5.3. pancreas resection

Resection of the pancreas alone or associated 
with the duodenum is a major operation and is 
associated with high morbidity and mortality, 
mainly due to postoperative infections. Fathy et al. 
have reviewed the outcome of 216 periampullary 
tumors treated by Whipple pancreaticoduodenec-
tomy from 2000 to 2006. Pancreaticogastrostomy 
was done in 183 patients and pancreaticojeju-
nostomy in 33 patients. operative mortality was 
3.2%, but 33% patients developed one or more 
complications, mainly infections [30]. A system-
atic review involving 578 randomized patients 
and six randomized trials showed that mortality 
ranged from 0 to 7.1% and morbidity from 20.8 
to 59% [31].

In this context, two randomized trials have 
tested probiotics/synbiotics in patients undergo-
ing pancreatic resections [32, 33]. nomura et al. 
allocated 64 patients into two groups before pan-
creaticoduodenectomy (30 receiving probiotics 
and 34 controls). The probiotics group received a 
mixture of Enterococcus faecalis T-110, Clostridium 
butyricum To-A, and Bacillus mesentericus To-A 
(BIo-ThRee, Toa Pharmaceutical, Japan) 3 to 15 
days before the operation, and then reintroduced 
on the second postoperative day. There was no 
statistical difference in mortality rate, though 
the incidence of infectious complications in the 
probiotics group (23%) was significantly lower 
(p  0.02) than in the controls (53%) [32].

Another randomized trial performed by 
Rayes et al. showed the similar beneficial effect 
of symbiotic in this subset of surgical patients. 
They randomized 80 patients following pylorus-
preserving pancreatoduodenectomy to receive 
enteral nutrition containing either a composi-
tion of prebiotics and probiotics (Synbiotic 2000, 
Medipharm, Kågerod, Sweden and des Moines, 
USA) or only prebiotics. The synbiotic group 
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received—via the jejunum—a combination 
containing four different lactic acid bacteria:  
1010 Pediacoccus pentosaceus 5–33:3 (dep.nr LMG 
P-20608), Leuconostoc mesenteroides 77:1 (dep.
nr LMG P-20607), Lactobacillus paracasei sub-
species paracasei F19 (dep.nr LMG P-17806), 
and Lactobacillus plantarum 2362 (dep.nr LMG 
P-20606). They also received four bioactive  
fibers: 2.5 g of each betaglucan, inulin, pectin,  
and resistant starch, totaling 10 g per dose, 
or 20 g per day. The findings showed that the 
incidence of postoperative bacterial infections 
was significantly lower with symbiotic therapy 
(12.5%) than with fibers only (40%). In addition, 
the duration of antibiotic therapy was signifi-
cantly shorter in the latter group [33].

5.4. Biliary Tree and liver

Septic complications after liver resection remain 
a difficult problem and a major, well-recognized 
complication after hepatectomy [34]. The mor-
bidity rate in liver resection can reach as high as 
81.0% [35]. Given that synbiotics can improve the 
intestinal microbial environment and activate host 
immune function, leading to prevention of bacte-
rial translocation, some randomized trials have 
investigated whether this beneficial effect might 
reduce infectious complications after hepatectomy 
or liver transplantation.

A randomized controlled trial investigated 
the effect of synbiotics on intestinal integrity 
and microflora, as well as on surgical outcome, 
in patients undergoing high-risk hepatectomy. 
Forty-four patients undergoing hepatectomy 
for biliary malignancies were randomized to 
receive postoperatively enteral nutrition that 
included or did not include synbiotics (a com-
bination of 108 Bifidobacterium breve Yakult and  
L. casei Shiroti, and galacto-oligosaccharides). 
The incidence of infectious complications was 
19% (4/21) in the synbiotics group and 52% 
(12/23) in controls (p  0.05) [36].

In an excellent controlled trial, Sugawara  
et al. randomized 101 patients with biliary cancer 
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involving the hepatic hilus before hepatectomy to 
receive either postoperative enteral feeding with 
synbiotics (postoperative group) or the same 
composition in the preoperative plus postopera-
tive periods (perioperative group). Postoperative 
synbiotics used in both groups were Yakult BL 
Seichoyaku (Yakult honsha, Japan) contain-
ing 1  108 of the living Lactobacillus casei strain 
Shirota, and 1  108 of the living Bifidobacterium 
breve strain Yakult, per gram; as well as galacto-
oligosaccharides (oligomate 55, Yakult honsha, 
Japan). As a preoperative synbiotic treatment, 
patients received orally one 80 mL bottle of 
Yakult 400 (Yakult honsha, Japan) containing 
at least 4  1010 of the living Lactobacillus casei 
strain Shirota; one 100-mL bottle of Bifiel (Yakult 
honsha) containing at least 1  1010 of the living 
Bifidobacterium breve strain Yakult; and the same 
prebiotics for 2 weeks before hepatectomy. In 81 
patients who completed the trial postoperative 
serum IL-6, white blood cell counts, and C-reactive  
protein were significantly lower in the periop-
erative group than in the postoperative group 
(p  0.05). Moreover, the incidence of postopera-
tive infectious complications was approximately 
two-fold greater (30.0%) in the postoperative 
group than in the perioperative group (12.1%) 
(p  0.05). The authors concluded that preopera-
tive oral administration of synbiotics enhances 
immune responses, attenuates systemic postoper-
ative inflammatory responses, improves intestinal 
microbial environment, and reduces postopera-
tive infectious complications after hepatobiliary 
resection for biliary tract cancer [37].

These two randomized trials clearly show 
that the use of synbiotics impact the outcome of 
patients submitted to liver resection. In addition 
to these important findings, the administration 
of synbiotics for liver transplant recipients has 
also decreased the infectious morbidity in two 
other randomized trials published by Rayes  
et al. [38, 39]. These results are especially sig-
nificant because sepsis is the most important 
cause of death in liver transplant recipients.  
In the second study, they allocated 66 patients to 
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Route Infection 
outcome

enteral 63 vs 90% 
(p  0.01)

oral nS

enteral Reduction 
of infection 
(p  0.02)

enteral 50 vs 100% 
(p  0.03)

oral nS

oral nS

enteral 10 vs 30% 
(p  0.01)

enteral 23 vs 53% 
(p  0.02)

enteral 12.5 vs 40% 
(p  0.01)

enteral 19 vs 52% 
(p  0.05)

oral/
enteral

12.1 vs 30% 
(p  0.049)

enteral 13 vs 34 
vs 48% 
(p  0.01)

enteral 3 vs 48% 
(p  0.05)
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Author Type of patients Time of 
administration

Composition

Kotzampassi  
et al. [23]

Trauma 15 days post-op Pediococcus pentosaceus, Leuconostoc mesenteroides, 
L. paracasei ssp. paracasei, and L. plantarum, and 
inulin, oat bran, pectin, and resistant starch.

Mcnaught  
et al. [26]

Major abdominal 
operations

 9 days pre-op;  
 5 days post-op

Lactobacillus plantarum 299v.

Spindler-Vesel  
et al. [24]

Trauma not stated Lactobacilli and specific bioactive fibers.

Falcão de 
Arruda  
et al. [25]

head trauma At least 5 days Lactobacillus johnsonii La 1 and glutamine.

Anderson  
et al. [27]

Major abdominal 
operations

 12 days pre-op;  
 5 days post-op

Lactobacillus acidophilus La5, Bifidobacterium lactis 
Bb-12, Streptococcus thermophilus, and Lactobacillus 
bulgaricus, in association to oligofructose.

Reddy  
et al. [28]

Colorectal Preoperative; not 
stated

Lactobacillus acidophilus La5, Bifidobacterium lactis 
Bb-12, Streptococcus thermophilus, and Lactobacillus 
bulgaricus, in association to oligofructose.

Rayes  
et al. [29]

Major abdominal 
operations

7 days post-op Lactobacillus.

nomura  
et al. [32]

Pancreas 
resection

3–15 days pre-op Enterococcus faecalis T-110, Clostridium butyricum 
To-A, and Bacillus mesentericus To-A.

Rayes  
et al. [33]

Pancreas 
resection

1 day pre-op;  
8 days post-op

Pediacoccus pentosaceus, Leuconostoc mesenteroides, 
Lactobacillus paracasei subspecies paracasei F19, 
and Lactobacillus plantarum 2362 plus betaglucan, 
inulin, pectin, and resistant starch.

Kanazawa  
et al. [36]

Liver resection 14 days post-op Bifidobacterium breve Yakult and L. casei Shirota, 
and galacto-oligosaccharides.

Sugawara  
et al. [37]

Liver resection 14 days pre- and  
14 days post-op

Bifidobacterium breve Yakult and L. casei Shirota, 
and galacto-oligosaccharides.

Rayes  
et al. [38]

Liver 
transplantation

7 days post-op Lactobacillus plantarum 299 and oat fiber.

Rayes  
et al. [39]

Liver 
transplantation

14 days post-op Pediacoccus pentosaceus, Leuconostoc mesenteroides, 
Lactobacillus paracasei subspecies paracasei F19, 
and Lactobacillus plantarum 2362 plus betaglucan, 
inulin, pectin, and resistant starch.



12. ROLE OF PROBIOTICS AND PREBIOTICS IN SURGERY178
receive either a mixture of four probiotic bacte-
ria and four fibers or the fibers only for a period 
of 14 days by early postoperative enteral nutri-
tion. They reported a significant decrease in the 
incidence of postoperative bacterial infections; 
being 48% with only fibers and 3% with probio-
tics and fibers.

6. ConClUSIon

This review has shown that there is good evi-
dence coming out of controlled randomized tri-
als to prescribe synbiotics to surgical patients, 
mainly those in the trauma setting, and those 
candidates to elective biliary and liver resection, 
liver transplantation, and pancreatic resection. 
however, in colorectal operations, the useful-
ness of probiotics/synbiotics are less appreciable. 
Randomized trials using synbiotics by enteral 
route versus controls seems to be associated with 
a more significant decrease in infectious mor-
bidity rate than trials in which synbiotics were 
administered orally. however, the available stud-
ies (Table 12.3) have used diverse methodology 
and tested different probiotic strains and synbiot-
ics [40, 41]. As the effect of probiotics/synbiotics 
depends on the strains, the concentration of pro-
biotics and on the duration of the therapy, further 
studies are necessary.
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C H A P T E R
1. IntrODUCtIOn

The knowledge of the beneficial effect of some 
microorganisms on health is not new. It is already 
more than 2000 years ago since the Roman author 
Plinius The Old recommended fermented milk in 
the treatment of acute gastroenteritis. The mod-
ern concept of using microorganisms in the treat-
ment of disease dates from more than a century 
ago [1]. As early as in 1906, Tissier noted that 
significant stool colonization with bifidobacteria 
was protective against the likelihood of the devel-
opment of diarrhea in children [2]. However, the 
term ‘probiotic’ (meaning ‘for life’) was not used 
until the 1960s. During the past two decades or 
so the number of publications on gastrointestinal 
flora in different gastrointestinal disorders has 
literally exploded, especially in the area of acute 
infectious gastroenteritis, although only a limited 
number of strains have been tested in children. 
18oactive Foods in Promoting Health: Probiotics and Prebiotics 
Simultaneously, the demonstration of the ben-
efit of prebiotics, such as galacto-oligosaccharide 
(GOS), fructo-oligosaccharide (FOS) and inulin 
have been investigated. This chapter will focus 
on the gastrointestinal effects of prebiotics and 
probiotics in children.

2. PreBIOtICs anD the gUt

Breast milk is the golden standard for infant 
nutrition. Its composition is complex and not 
reproducible, whereas its functional properties 
represent the model for modern formulas. More 
than 130 different oligosaccharides have been 
recognized in human milk and their bifidogenic 
and anti-infective properties have been demon-
strated [3–5].

Supplementing infant formulas with oligosac-
charides similar to those present in human milk 
1 © 2010, Elsevier Inc. All rights reserved.
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PREBIOTICS

Increased fecal concentration
of bifidobacteria and lactobacilli

Decreased consistency
of stools

Increased absorption
of calcium

Production of SCFA

Increased fecal
concentration of sIgA

Reduction of
Clostridium spp.

FIgUre 13.1 Prebiotics and the gut: proven effects in children.
and mimicking the microflora of breast-fed 
infants may have clinical potential benefits in 
infants’ health specifically in terms of prevention 
of infections and allergy, and mineral absorption. 
Research has focused on the role of inulin, FOS, 
GOS and their fermentation derivatives repre-
sented by short-chain fatty acids (ScFA) such 
as butyric, acetic and propionic acid [6]. The 
ScFA are an important source of energy for gut 
cells, decrease the luminal pH and participate 
in electrolyte and water absorption. The effects 
and clinical importance of ScFA will not be dis-
cussed in this chapter.

3. the gastrOIntestInal 
eFFeCts OF PreBIOtICs In 
asymPtOmatIC InFants

3.1. Prebiotic supplementation in Infant 
Formula and Intestinal Flora

The first study on the effect of a formula con-
taining GOS (2%) in infants dates back to 1982 and 
showed fecal characteristics (stool consistency, 
colour and pH) similar to that obtained with 
human milk. The percentages of bifidobacteria in 
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the fecal flora were 93% in the breast-fed group, 
69% in the GOS group and 61% in the commercial 
control formula group [7].

Infant formulae containing GOS (0.24 g/100 mL) 
or a mixture of GOS and FOS (at doses of 0.4 to 
0.8 g/100 mL, with a ratio of 9:1) significantly 
increased, both in term and preterm infants, the 
number of intestinal bifidobacteria (with a dosage- 
related effect [5]) and lactobacilli when compared 
to infants fed a control formula [5, 8–12]. no sig-
nificant difference was present between infants 
fed supplemented formulae and human milk 
in terms of strains and concentration of bifido-
bacteria and lactobacilli [12]. Higher frequencies 
and softer stools were reported with the GOS 
and FOS supplementation (with a ratio of 9:1) 
at dosages of 0.4 g/100 mL [5, 13], 0.8 g/100 mL 
[5, 14, 15] and 1 g/100 mL [8]; or with only GOS 
(0.24 g/100 mL) [9] or FOS (3.0 g/L [16] to 4.0 g/L 
[17]) compared to standard formulae. A different 
combination of prebiotics (polydextrose, GOS, 
and lactulose), at two different intake levels (4 g/L  
and 8 g/L) confirmed the significant decrease of 
stool consistency but resulted in increased stool 
frequency only at 30 days of life and in the group 
with 8 g/L of supplementation [18].

In addition, a reduction in the absolute 
number of possible harmful bacteria was seen 
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to indicate that prebiotic substances might have 
the capacity to protect against enteral infections 
[10, 13, 17].

A double blind, placebo controlled, rand-
omized intervention trial (DBRcT) in 82 healthy, 
full-term, partially breast-fed children from  
1 week to 3 months old, evaluated the effect of 
the addition of a mixture of GOS (0.54 g/100 mL) 
and FOS (0.06 g/100 mL) alone or in combina-
tion with pectin-derived acidic oligosaccha-
rides (0.2 g/100 mL) in whey-based formula. An 
increase of the Bifidobacterium genus (p  0.0001), 
and a decrease of proportions for the bacter-
oides (p  0.02) and the Clostridium coccoides 
group (p  0.01) in both oligosaccharide groups 
were demonstrated using quantitative fluores-
cent in situ hybridization (FISH) coupled to flow 
cytometry. The intervention was protracted up 
to 2 months after cessation of breast-feeding 
and the increase of bifidobacteria persisted with 
a stronger affect when acidic oligosaccharides 
were present (p  0.01) [19].

The beneficial effects of an infant milk  
formula with GOS/FOS (6 g/L, ratio 9:1)  
on improving the percentages of bifidobacteria 
(60 vs 53%, p  0.04) and reducing the Clostri
dium spp. (0.0 vs 3.27%, p  0.006) was con-
firmed, with FISH analysis of stool samples,  
in another DBRcT on 187 healthy infants with 
an intervention period in the first 26 weeks of 
life [20].

However, in the studies with formulae sup-
plemented with only FOS, the results are less 
homogeneous. A dosage of FOS of 0.15 or  
0.3 g/L significantly increased the concentration  
of Enterococcus and Clostridium compared to 
breast-fed infants (p  0.05) and had a signifi-
cant transitory bifidogenic affect only in the 
group with 0.15 g/L (p  0.045 vs standard for-
mula) disappearing 7 days after the conclusion 
of supplementation [16]. In another infant trial 
0.4/100 mL of FOS a significant higher number 
of bacteroides and bifidobacteria, and propor-
tion of infants colonized with bifidobacteria, 
and lower concentration of Escherichia coli and 
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 enterococci were noted compared to a maltodex-
trine-enriched formula (p  0.03) [17].

Supplementation with 0.24 g/100 mL GOS [9] 
or a mixture of GOS and FOS (6 g/L or 8g/L, ratio 
9:1) [10, 21] also mimicked, in formula-fed infants, 
the metabolic activity of the intestinal microflora 
from breast-fed infants with a reduction of the pH 
and a similar fecal fatty acid pattern. There was 
a significant increase of acetate and lactate and 
decrease of propionate levels compared to infants 
fed unsupplemented formula.

3.2. Prebiotic supplementation in solids

The effects of an addition of prebiotic oligo-
saccharides in solids such as cereals and wean-
ing foods have been less studied.

In one DBRcT, 56 healthy infants were ran-
domly assigned to receive either 0.75 g FOS per 
serving of cereal or placebo for 28 days. Average 
FOS consumption was 0.74 g/d and as high as 
3.00 g/d. There was no difference between the 
groups in the stool pH, tolerance and in cry-
ing, spitting-up or colic. FOS consumption led 
to more regular (1.99 mean number of stools 
per infant per day vs 1.58 in the control group, 
p  0.02) and softer stools [22].

In a DBRcT with an intervention period 
of 6 weeks in 35 infants (aged 4 to 6 months), 
the addition of GOS/FOS (ratio 9:1, 4.5 g/d) to 
weaning products (Vivinal GOS, Borculo Domo 
Ingredients, Zwolle, the netherlands; Raftiline 
HP, Orafti active food ingredients, Tienen, 
Belgium) determined a significant increase in 
the fecal percentage of bifidobacteria compared 
to enrollment (p  0.03) and control group 
(p  0.03) [23].

A mean intake of 0.74  0.39 g FOS/day in 
cereals consumed by toddlers attending day-
care reduced the chance of having ‘hard’ stools 
in favor of stools of ‘soft’ or ‘loose’ consistency 
[24]. A mean intake of 1.2 g/day oligofructose 
over 6 months resulted in adequate growth and 
a reduction of vomiting, regurgitation, pain at 
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defecation, febrile events, respiratory symptoms,  
antibiotic use and day-care absenteeism, but 
without any difference in diarrhea.

Significantly less flatulence, vomiting, fever 
and diarrhea occurred in 7–19 months healthy 
children observed for 15 days and supple-
mented for 3 weeks with 2 g/day FOS [25].

3.3. Prebiotic supplementation  
and mineral absorption

Oligofructose and inulin (0.4 g/dL) increased 
the availability of calcium to 16.7 and 17.2%, 
respectively [26]. A formula containing GOS 
and FOS (0.8 g/dL, ratio 9:1) stimulated calcium 
absorption in preterm infants [27]. Oligofructose 
did not change the availability of zinc, but inulin 
(0.4 g/dL) increased zinc availability to 12.2% [26].

calcium absorption was significantly higher 
(38.2  9.8% vs 32.3  9.8%; p  0.01), in a group 
of 59 girls receiving a mixture of 8 g/d inulin 
and oligofructose (ratio of 70:30, Synergy) over a  
3-week period in comparison to groups receiving 
the same amount of FOS alone or placebo [28]. 
After 1 year of supplementation, the same treat-
ment also significantly improved bone mineral 
density [28]. In a randomized controlled feed-
ing study (9-day periods) in 12 adolescent boys, 
FOS at 15 g/d significantly improved fractional 
ca absorption [29]. In 100 children (9–13 years) a  
1-year supplement of mixed long- and short-
chain inulin (8 g/d) increased calcium absorption  
and bone mineral density [30].

4. gUt ImmUne eFFeCts

4.1. Prebiotics

In a trial comparing standard infant formu-
lae, one formula with 0.6 g/100 mL GOS/FOS 
(ratio 9:1) and one with probiotics (6  109 cfu 
Bifidobacterium animalis Bb12/100 mL) showed  
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a trend towards an increased fecal secretory IgA 
level with only the prebiotic formula compared 
to a standard formula reaching statistical signif-
icance at the age of 16 weeks [31]. A significant 
increased production of fecal secretory immu-
noglobulin A (sIgA) (719 g/g vs 263 g/g, 
p  0.001) was demonstrated after 26 weeks of 
intervention, investigating the effect of an infant 
milk formula with 0.6 g/100 mL GOS/FOS (ratio 
9:1) in 187 healthy infants [20].

In a prospective DBRcT, healthy term infants 
with a parental history of atopy were fed either 
prebiotic-supplemented (8 g/L GOS/FOS, ratio 
9:1) or placebo-supplemented (8 g/L maltodex-
trin) hypoallergenic formula during the first 
6 months of life. Infants in the prebiotic group 
had significantly fewer episodes of all types of 
infections combined (p  0.01) and lower cumu-
lative incidences of any respiratory recurring 
infections (3.9 and 2.9% vs 13.5 and 9.6% in the 
placebo group, p  0.05) [32].

Oligofructose (Orafti Group, Tienen, Belgium) 
added to infant cereal (0.55 g/15 g cereal, average 
consumed 0.67 g prebiotic/d, or 0.11 g/kg/d) 
for 6 months failed to show a significant ben-
efit in response to Haemophilus Influenza type 
B vaccinations, weight gain, visits to the clinic, 
hospitalizations and use of antibiotics. However, 
infants were partially breast-fed for more than 
85% of the observational period [33].

4.2. Probiotics

Many different strain-specific mechanisms of 
action have been demonstrated for probiotics 
(Figure 13.2) [34]. The protective affects of pro-
biotics involve [35–39]:

l direct antagonism against pathogens through 
competitive inhibition of adhesion to the 
epithelium and of specific bacterial toxins;

l production of intestinal mucin;
l bacteriocins or other antimicrobic molecules;
l restoration of tight junction protein structure;
l secretion of defensins;
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l interaction with dendritic cells;
l toll-like receptors and intracellular pathways;
l activation of macrophages and nK cells;
l stimulaton of gut lymphoid tissue (GALT)
 immunoglobulins and specific cytokines; and
l modulation of innate and adaptive immunity.

A formula with viable bifidobacteria signifi-
cantly increased total and anti-poliovirus fecal IgA 
in seven children after 21 days of intake [40]. Kaila 
et al. demonstrated that LGG (1  1010 cfu bd for 
5 days) significantly increased humoral immune 
response in Rotavirus enteritis [41], more relevant 
with viable than inactivated probiotic [42].

Timing of supplementation and efficacy on 
colonization may well be critical. Adherence of 
B.Bb12 improves in the presence of L. casei GG, 
both in healthy infants and during episodes  
of diarrhea, suggesting that synergism may well 
occur [43].

Saccharomyces boulardii exerts specific anti-
inflammatory and antimicrobial properties. It 
counteracts bacterial toxins, induces host immune 
response, influences inflammatory pathways 
(nF-B, MAPK), improves the maturation of 
brush border enzymes (lactase, sucrase, maltase 
and aminopeptidase) and of glucose carriers in 
the enterocyte-membrane through a 54-KDa pro-
tease and the release of prolamine and soluble 
factors [44–46].

FIgUre 13.2 Mechanism of action of probiotics in the 
gut.
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no data have been reported so far combining 
Saccharomyces boulardii with bifidobacteria or 
lactobacilli.

Reduced Paneth cell defensin expression and 
related decreased antimicrobial peptides and 
change in the colonizing microbiota have been 
reported in ileal crohn’s disease and in necro-
tizing enterocolitis (nec) [47].

Stress, at any age, may also produce differ-
ent effects on the gastrointestinal system, such as 
a reduction of the number of lactobacilli, an up-
regulation of virulence factors and an increased 
growth, epithelial adherence and mucosal uptake 
of Gram-negative pathogens, e.g. E. coli and 
Pseudomonas [48]. Probiotics can counteract 
stress-induced changes in intestinal barrier func-
tion, visceral sensitivity and gut motility [48].

5. aCUte InFeCtIOUs 
gastrOenterItIs

5.1. Prevention

The best protection from infectious diseases 
such as gastroenteritis is achieved by breast milk. 
Promotion of (exclusive) breast-feeding should 
be maximally endorsed in infants. Among pro-
tective components of human milk, different 
oligosaccharides play an important role. The 
presence of probiotic bacteria has also been dem-
onstrated [49]. To recreate these benefits, probi-
otics and prebiotic oligosaccharides have been 
added to infant formula.

Prebiotics

Saran et al. showed that feeding fermented 
milk to Indian infants over a period of 6 months 
resulted in a significantly better weight gain and 
a 50% reduction of infectious diarrhea [50]. The 
addition of Bifidobacterium lactis Hn019 and GOS 
in milk improved the iron status and produced a 
10% reduction of diarrhea and a significant effect 
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in morbidity and bloody diarrhea [51]. Data on 
the prevention of infectious gastroenteritis with 
prebiotic oligosaccharides are only limited to 
one prospective Italian multicenter open-label 
RcT in 342 healthy term infants (aged between 
15 and 120 days, mean age 53.7  32.1 days) fed 
with a prebiotic-enriched (0.4 g/100 mL of a mix-
ture of GOS and FOS with a ratio of 9:1) formula 
for 12 months [52]. The incidence of gastroenteri-
tis was lower in the supplemented group than in 
the controls (0.12  0.04 vs 0.29  0.05 episodes/
child/12 months; cI 95% mean difference 0.3–
0.03; p  0.015) (10.4 vs 23.8% numbers of chil-
dren with 1 episode of diarrhea; p  0.01, RR 
0.44; cI 95%, RR 0.22–0.86). A transient increase 
in body weight was observed in children on 
prebiotics compared to controls during the first 
6 months of follow-up (p  0.01) [52].

Oligofructose (Orafti Group, Tienen, Belgium) 
added to infant cereal (0.55 g/15 g cereal, average 
consumed 0.67 g prebiotic/d, or 0.11 g/kg/d)  
for 6 months did not show any protective 
effect in terms of episodes, days, or severity of 
diarrhea or Rotavirus infection rate. However, 
infants were partially breast-fed for more than 
85% of the observational period [33].

Probiotics

Saavedra et al. showed that Streptococcus 
(Str.) thermophilus and Bifidobacterium (B.) bifi
dum (later renamed B. lactis) prevented noso-
comial-acquired diarrhea in a small group of 
children admitted for long stays to a chronic 
care institution [53].

A formula supplemented with the viable  
B. lactis strain Bb12 failed to demonstrate a 
significant benefit compared to placebo in the 
prevalence of diarrhea in 90 healthy infants liv-
ing in residential nurseries or foster care centers 
(28.3 vs 38.7%) despite a 30% reduction of the 
risk (RR 0.7, 95% confidence interval 0.4–1.3) 
[54]. A formula fermented with B. breve c50 and 
Str. thermophilus 065 was well accepted, resulted 
in normal growth of infants and reduced 
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the severity of diarrhea episodes but did not  
significantly reduce incidence, duration of 
diarrhea episodes or number of hospital admis-
sions [55].

LGG was shown to reduce nosocomial infec-
tion, especially for Rotavirus gastroenteritis,  
in one study [56], but did not produce a  
statistically significant protective effect in a 
large double blind randomized study in 220 
children [57].

Seven children would need to be treated  
with a probiotic to prevent one patient from 
developing nosocomial rotaviral gastroenteri-
tis [58] but the effect is far less significant if the 
incidence of diarrhea (episodes per patient/
month) rather than the percentage of patients 
with diarrhea is taken into account [58]. 
According to the current literature and cost:ben-
efit ratio, there is not enough evidence to recom-
mend the routine use of probiotics to prevent 
nosocomial diarrhea [59].

Three large RcT provide evidence of a  
very modest effect (statistically significant, but 
of questionable clinical importance) of three 
probiotic strains (LGG, L. reuteri, B. lactis) on 
the prevention of community-acquired diarrhea 
[59].

A large Finnish study included 571 children 
attending day-care centers and supplemented 
with LGG did not show a significant difference 
in the number of days with diarrhea but a 16% 
reduction in the number of days of absence due 
to gastrointestinal and respiratory illnesses [60]. 
Another study involving 210 healthy children 
in child health care centers showed a lower fre-
quency and shorter duration of diarrhea dur-
ing a follow-up of 3 months when Lactobacillus  
reuteri (better) or B. lactis (Bb12) were given  
to the children [61]. The protective effect of  
BB12 on diarrhea was not confirmed in another 
trial [62].

One RcT from Pakistan involving 100 chil-
dren with acute watery diarrhea reported a sig-
nificant difference in the incidence of episodes 
of diarrhea in the group receiving S. boulardii  
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compared with the control group during a  
2-month follow-up (0.32 vs 0.56, p  0.04) [63].

5.2. treatment

Prebiotics

In Bangladesh, green banana (250 g/L) and 
pectin (4 g/kg), in addition to a rice-based diet, 
significantly reduced fecal stool, rehydration 
needed, vomiting and the duration of diarrhea 
[64]. Supplementation of ORS with a prebi-
otic such as hydrolized guar gum significantly 
reduced diarrhea (from 90 to 74 hours) without 
modification of fecal volume [65].

In a multicenter european DBRcT in 144 boys  
(1–36 months) with acute diarrhea and mild to 
moderate dehydration, the addition of a mixture 
of non-digestible carbohydrates (soya polysac-
charide 25%, a-cellulose 9%, arabic gum 19%, 
FOS 18.5%, inulin 21.5%, resistant starch 7%) to 
oral rehydration solution (ORS), did not deter-
mine a significant difference in terms of fecal 
volume, duration of diarrhea (82  39 hours 
vs 97  76 hours, p  0.2), hospitalization or 
parenteral rehydration [66].

Probiotics

In the treatment of acute infectious gastro-
enteritis, probiotics have shown the best evi-
dence of efficacy. conversely, there have 
been almost no studies performed on chronic 
diarrhea of infectious origin.

Lactobacillus rhamnosus GG is the most exten-
sively studied. LGG (2  1011 bd for 5 days), 
compared to placebo, significantly reduced the 
duration of hospitalization in Rotavirus diarrhea 
(1.4 vs 2.4 days) in 71 children treated with ORS 
[67]. The efficacy of LGG (1  1011 cfu/g bd for 
2 days) in reducing the duration of non-bloody 
diarrhea (31 vs 75% of the controls at 48 hours) 
was confirmed in a study in 40 Pakistani chil-
dren admitted for severe diarrhea and malnutri-
tion [68]. Shornikova et al. showed, in a trial in 
123 hospitalized children (33% with Rotavirus 
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and 21% with bacterial diarrhea), similar results 
with LGG (5  109 cfu/g bd for 5 days and 
ORS) in reducing the duration of viral diarrhea 
(2.7 vs 3.7 days) [69]. The same group assessed 
the efficacy of L. reuteri at two different doses 
(107 and 1010 cfu/g once a day for 5 days) in 66 
hospitalized children with Rotavirus diarrhea. 
The probiotic reduced the duration of diarrhea 
with a dose-dependent effect (2.5 days in the 
placebo group vs 1.9 and 1.5 in the L. reuteri 
groups, respectively) [70]. In out patient chil-
dren L. casei GG (3  109 cfu/g bd for a maxi-
mum of 6 days) halved the duration of diarrhea 
and also significantly reduced Rotavirus shed-
ding [71]. A multicenter european prospective, 
RcT with LGG (1010 cfu/250 mL) as add-on  
to ORS in 287 children with acute diarrhea, 
showed a significant decrease of the duration 
of diarrhea with about 10% (a mean duration of 
diarrhea of 123 hours in the placebo group versus  
110 hours in the intervention group) [72]. A more 
detailed analysis showed that the difference 
was greatest in the Rota-positive group (115 vs 
136 hours) and that there was no difference in 
the subgroup with invasive pathogens (about 
1/5th of all inclusions) (124 vs 121 hours’ dura-
tion of diarrhea) [72]. Lactobacillus acidophilus LB 
(Lacteol Fort®, a product containing heat-killed 
lactobacilli, 1010 for five doses) was tested in 73 
children with acute diarrhea (50% Rotavirus 
positive) resulting in a similar reduction of dura-
tion (43 vs 57 hours) [73]. However, at least three 
RcTs in developing countries negated the ben-
eficial effect of LGG and L. acidophilus in acute 
diarrhea, likely related to the distinct etiologi-
cal profile [74–76]. In children with more severe 
diarrhea, there was no demonstrable benefit 
of L. casei GG [75, 77]. Absence of shortening of 
the duration of diarrhea was also reported for 
a mixture of L. acidophilus, B. bifidum (later 
renamed B. lactis) and L. bulgaricus [77]. The  
L. paracasei strain ST11 did not reduce the volume 
of stool output in Rotavirus infection but improved  
the outcome of non-Rotavirus diarrhea in chil-
dren from Bangladesh [78]. Three meta-analyses  
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concluded that the majority of the studies had 
been performed in the developed world, and 
that L. rhamnosus GG is the probiotic bacteria 
with the best evidence of efficacy, especially for 
viral diarrhea [79–81]. In particular, the dura-
tion of (viral) diarrhea was significantly reduced 
(about 17 hours or 0.7 days) (relative risk (RR) 
0.40 and four children treated (nnT) to protect 
one subject from diarrhea) compared to con-
trols [80]. The efficacy of LGG appeared to be 
related to the logarithm of the dose (1011 as 
the most efficient dose) [81]. A cochrane review 
examined 23 RcT and 1,917 participants (1,449 
children) and highlighted the beneficial effect 
of probiotics (especially LGG) as add-on treat-
ment to ORS in reducing the risk of diarrhea at  
3 days (RR 0.66; 95% cI, 0.55–0.77; random effects 
model, 15 studies), and the mean duration of 
diarrhea (of about 30 hours with a RR 0.7), with-
out significant side effects in immune-competent 
subjects [82]. More data are needed for strains less 
studied such as Streptococcus thermophilus, L. aci
dophilus and bulgaricus [82]. Shamir and cowork-
ers showed a reduction in the duration of acute 
gastroenteritis from 1.96  1.24 to 1.43  0.71 
days (p  0.017) with an addition of 109 cfu 
Streptococcus thermophilus, B. lactis, L. acidophilus,  
10 mg zinc and 0.3  g FOS per day [83].

Other studies have recently been published 
using bacterial probiotics on acute diarrhea.

An Italian open RcT compared the efficacy of 
five probiotic preparations (L. rhamnosus strain 
GG; S. boulardii; Bacillus clausii; a mix of L. del
brueckii var bulgaricus, Streptococcus thermophilus, 
L. acidophilus, and Bifidobacterium bifidum; or 
Enterococcus faecium SF68) in 571 outpatient chil-
dren aged 3–36 months, with acute diarrhea.  
A significant effect (p  0.001) (32 and 37 
hours compared to 115 hours of ORS alone)  
was demonstrated only for LGG and the mixed 
product [84].

In one DBRcT, 87 Polish children (age range: 
2 months to 6 years) with infectious diarrhea 
were administered a mixture of three L. rhamno
sus strains (573L/1; 573L/2; 573L/3) at a dose 
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1.2  1010 cfu or placebo, twice daily, for 5 days. 
In an intention to treat analysis, the mean dura-
tion of Rotaviral diarrhea (76  5 vs 115  67 h, 
p  0.03) but not of diarrhea of other aetiol-
ogy, and the duration of parenteral rehydration 
(15  14 vs 38  33 h, p  0.006) were signifi-
cantly shortened [85].

A DBRcT on acute Rotavirus diarrhea in 224 
Indian children showed that VSL #3 probiotic 
mixture significantly reduced stool frequency 
and ORS requirement and improved recovery 
rates and stool consistency from day 2 up to 8 
hours of day 4 [86].

In the same country, LGG administered once 
or twice daily confirmed its significant effi-
cacy in reducing the frequency and duration of 
diarrhea, requirement for intravenous therapy, 
and hospital stay in a DBRcT enrolling 559  
hospitalized children with acute diarrhea [87].

Saccharomyces boulardii is a non-pathogenic 
yeast isolated from the lychee fruit in Indonesia 
and introduced into France since 1950 for the 
treatment of diarrhea. The first DBRcT of S. bou
lardii was performed more than 15 years ago: 
diarrhea persisted for more than 7 days in 12% in 
the placebo group and in 3% in the experimen-
tal group [88]. Since then, several DBRcTs per-
formed with S. boulardii in children with acute 
gastroenteritis have systematically shown a sig-
nificant improvement in comparison to a placebo. 
A consecutive series of 130 Mexican children, 
3 months to 3 years old, with acute infectious 
diarrhea, were treated with ORS and placebo or  
S. boulardii (600 mg/d) for 5 days [89]. A significant 
decrease in the number of stools was apparent  
from day 2 onwards [89]. After 48 hours, the per-
centage of children considered cured was almost 
50% in the S. boulardii group compared to 8% 
in the placebo group; on day 4, resolution was 
up to 95% in the intervention group compared 
to just 50% in the placebo group [89]. Kurugol 
treated 200 children with acute diarrhea with 
250 mg S. boulardii or a placebo for 5 days: dura-
tion of both diarrhea and hospital stay decreased 
within approximately 24 hours [90]. Villaruel and  
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co-workers showed similar results in ambulatory  
care in Argentina: diarrhea persisted for more 
than 7 days in 27% of a placebo group com-
pared to 7% in a group treated with S. boulardii  
for 6 days, with a greater affect if treatment was 
started within the first 2 days of the disease 
[91]. Saccharomyces boulardii also improved toler-
ance of feeding in children with chronic Giardia 
lamblia infection [92]. Furthermore, S. boulardii 
demonstrated efficacy in amebiasis and HIV-
diarrhea [93, 94]. An open RcT in Pakistani 
children with acute infectious gastroenteritis 
showed that administration of 500 mg S. boular
dii for 5 days significantly reduced the frequency 
of stools and duration of diarrhea (3.5 days vs 
4.8 days, p  0.001) and resulted 2 months later 
in a 50% decrease in re-infection rates and 30% 
better weight gain [63]. One meta-analysis was 
aimed at evaluating the effectiveness of S. boul
ardii in treating acute infectious diarrhea in chil-
dren (94). Data from five RcTs [63, 89–91, 96] 
and 619 participants were included. combined 
data from four RcTs showed that S. boulardii 
significantly reduced the duration of diarrhea 
compared with the control. The pooled weighted 
mean difference was 1.1 days (95% cI 1.3 to 
0.8) with a fixed model and remained signifi-
cant in a random affect model. S. boulardii sig-
nificantly reduced the risk of diarrhea on days 3, 
6, and 7. In addition, the risk of diarrhea lasting 
7 days was significantly reduced in the S. bou
lardii group versus control group (1 RcT, n  88, 
RR 0.25, 95% cI 0.08–0.83, nnT 5, 95% cI 3–20). 
This meta-analysis concluded that, in otherwise 
healthy infants and children with acute infectious 
gastroenteritis, the use of S. boulardii compared 
with a control treatment is associated with a 
moderate therapeutic benefit that is reproducible  
regardless of the outcome measure studied.  
In other words, duration of diarrhea, chance  
of cure or risk of diarrhea at certain point inter-
vals, number of stools, and length of hospital stay 
[95]. Another RcT was carried out in Myanmar 
and involved 100 children with acute diarrhea. 
Saccharomyces boulardii reduced the duration 
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of diarrhea compared with placebo (3.08   
0.95 vs 4.68  1.23 days, respectively) [97].

Given these new data, the previous mentioned 
meta-analysis was updated. Based on the pooled 
results of six RcTs involving 756 children, S. bou
lardii, compared to placebo or no intervention, 
reduced the duration of diarrhea by 22 hours 
(WMD 22, cI 26 to 18) [37].

A shortening of the duration of diarrhea, as 
well as a reduced hospital stay, suggests a rel-
evant social and economic benefit of biothera-
peutic treatment in adjunction to ORS in acute 
infectious gastroenteritis in children.

While numerous clinical trials have been 
published evaluating different probiotics in the 
treatment of acute gastroenteritis, trials vary in 
relation to strains tested, dosage, methodologi-
cal quality, diarrhea definitions and outcomes. 
Most studies show a statistically significant 
effect that is of only moderate clinical bene-
fit, with a greatest effect in viral and watery 
diarrhea [59]. Greater efficacy has been shown 
if the probiotic is administered early in the dis-
ease. Probiotics in acute diarrhea of diverse 
causes reduced the duration in children of about 
57% (35–71%) [98]. In general, there is a lack of 
data from community-based trials and from 
developing countries, although there is now an 
increasing body of evidence with S. boulardii in 
these populations.

6. antIBIOtIC assOCIateD 
DIarrhea (aaD)

Antibiotic treatment is known to disturb  
gastrointestinal microflora, which results in a 
range of clinical symptoms, especially diarrhea. 
While Clostridium difficile is the most common 
infectious agent isolated, in most cases of AAD 
a causative organism is not found. The inci-
dence of AAD in children in first line medi-
cine is about 10%, independent of the reason 
for antibiotic administration [99]. The risk for 
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AAD is increased in young children (18% in 
children younger than 2 years) and with some 
oral antibiotics such as amoxicillin-clavulanate  
(23% with this antibiotic) [100].

6.1. Prebiotics

Only one RcT of prebiotics on the pre-
vention of pediatric AAD has been reported.  
In children aged 1–2 years a mixture of 70:30 
inulin:oligofructose (0.45 g/100 mL, ratio 70:30, 
Prebio 1) at 2.25 g/d for 3 weeks after 1 week 
of amoxicillin therapy significantly increased 
fecal bifidobacteria but did not change diarrheal 
symptoms [100].

6.2. Probiotics

According to two meta-analyses, selected 
probiotics (LGG, B. lactis, Str. thermophilus and 
S. boulardii) reduce the risk of AAD [101, 102] 
by approximately 60%, from 28.5% to 11.9% (RR  
0.44, 95% cI 0.25–0.77) in children [101].

Preplanned subgroup analysis showed that 
a reduction of the risk of AAD was associated 
with the use of LGG (two RcTs, 307 partici-
pants, RR 0.3, 95% cI 0.15–0.6), S. boulardii (one 
RcT, 246 participants, RR 0.2, 95% cI 0.07–0.6), 
or B. lactis and Str. thermophilus (one RcT, 157 
participants, RR 0.5, 95% cI 0.3–0.95) [101]. 
The nnT with probiotics to avoid AAD in one 
patient would be seven patients according to 
one meta-analysis [101] or 10 patients if only 
considered in a study on Saccharomyces boulardii 
[103].

As is the case with all yeasts, S. boulardii is 
naturally resistant to antibiotics. Simultaneous 
oral intake of amoxicillin and S. boulardii  
doubles the number of S. boulardii surviving in 
the gastrointestinal tract [104].

According to a randomized controlled trial, 
the dose of LGG to prevent AAD should be of 
at least 10–20 billion cfu daily [105].
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A combination of L. acidophilus and L. bul
garicus was ineffective in preventing diarrhea in 
children receiving amoxicillin therapy during a 
DBRcT [106].

Ten studies met the inclusion criteria 
in the recent cochrane review [107]. Trials 
included treatment with either Lactobacilli spp.,  
Bifidobacterium spp., Streptococcus spp., or Saccha
romyces boulardii alone or in combination. Six 
studies used a single strain probiotic agent and 
four combined two probiotic strains. The per 
protocol analysis for 9/10 trials reporting on 
the incidence of diarrhea show statistically sig-
nificant results favoring probiotics over active/
non-active controls (RR 0.49; 95% cI 0.32 to 
0.74). However, an intention to treat analysis 
showed non-significant results overall (RR 0.90; 
95% cI 0.50 to 1.63). Five of 10 trials monitored 
for adverse events (n  647); none reported a 
serious adverse event [107].

A combination of 108 colony-forming units of 
Bifidobacterium longum PL03, Lactobacillus rham
nosus KL53A and Lactobacillus plantarum PL02 
administered orally twice daily for the duration 
of antibiotic treatment did not significantly alter 
the rate of AAD (relative risk 0.5, 95% cI 0.06–
3.5) in 78 children (ages: 5 months to 16 years), 
although it reduced the frequency of stools 
(mean difference 0.3 stool/day, 95% cI 0.5 to 
0.07) [108].

Another trial in 240 children (aged 3 months 
to 14 years) in the same group showed efficacy 
of administration of Lactobacillus rhamnosus 
(strains e/n, Oxy and Pen) (2  1010 colony-
forming units orally twice daily throughout 
antibiotic treatment) in the prevention of AAD 
in an intention to treat analysis. Any diarrhea  
( or  3 loose or watery stools/day for  or  
 48 hours occurring during or up to 2 weeks 
after the antibiotic therapy) occurred in nine 
(7.5%) patients in the probiotic group and in 20 
(17%) patients in the placebo group (RR 0.45, 
95% cI 0.2–0.9) [109].

From the above data, probiotics show  
promise in the prevention of pediatric AAD 
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but do not withstand intention to treat analy-
sis. Before routine use is recommended, further  
studies (with limited losses of subjects to  
follow-up) are merited. Trials should involve 
those probiotic strains and doses with the most 
promising evidence (i.e., LGG at 5–40  109 cfu 
daily, or S. boulardii at 250–500 mg daily). More 
data are needed in children who develop a 
severe AAD.

7. Clostridium diffiCile 
InFeCtIOn

There is little evidence to support the routine 
use of probiotics in preventing the recurrence 
of Clostridium difficile infection or to treat exist-
ing C. difficile diarrhea [59, 110]. In the meta- 
analysis, only S. boulardii was reported to be 
effective in C. difficile disease [102]. LGG showed 
some benefit in the prevention of relapsing  
C. difficile only in a small open-label trial in  
children [111].

8. traVelers’ DIarrhea

Travelers’ diarrhea is a frequent condition 
(rates can range from 5 to 50%, depending on 
the destination) of great socio-economic impact.

8.1. Prebiotics

There appear to be no study assessments on 
the affects of prebiotics to prevent travelers’ 
diarrhea in children.

8.2. Probiotics

The use of probiotics for this disease remains 
controversial and no data on children are 
available.
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9. IrrItaBle BOwel  
synDrOme (IBs)

9.1. Prebiotics

There are currently no published RcT con-
cerning the use of prebiotics alone in IBS. 
Prebiotics may increase gas production in the 
gut because of their fermentation [112, 113]. 
This might preclude prebiotic use in diarrhea-
predominant IBS, or where bloating or gas are 
prominent symptoms, but might allow their 
mild laxative properties [113] to be useful in 
constipation-predominant IBS. no trials have 
been performed in children.

9.2. Probiotics

A different intestinal microflora (reduced 
number of bifidobacteria and lactobacilli) [114] 
and mucosal inflammation [115] have been 
reported in adult IBS and may be suggestive of 
probiotic efficacy.

Data in children are limited. A randomized 
trial of 6 weeks with LGG versus placebo 
showed overall negative results in 50 children 
and young adults (6–20 years), although there 
was a lower incidence of perceived abdominal 
distension in the LGG group (p  0.02) [116]. In 
another report, LGG was more effective than a 
placebo (33 vs 5%, RB 6.3, 95% cI 1.2–38, nnT 
4, 95% cI 2–36) and reduced frequency of pain 
(p  0.02) (but not pain severity) only in the 
children classified as IBS compared to the group 
with functional dyspepsia or functional abdom-
inal pain [117].

In a cochrane review [118] only these two  
trials [116, 117], both testing LGG in 168  
children, provided analyzable data. The  
pooled odds ratio for improvement of symp-
toms was 1.17 (95% cI 0.62, 2.21) showing no 
evidence of benefit from Lactobacillus supple- 
mentation.
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A meta-analysis of probiotics for IBS included 
overall 20 (adult and pediatric) trials (1,404 sub-
jects) with 23 probiotic treatment arms and 20 
different strains (used alone or in combination, in 
different concentration). A high degree of hetero-
geneity of the trials (generally small and of short 
duration) was highlighted. Overall, probiotic use 
was associated with less likelihood of global IBS 
symptoms compared to placebo (RR  0.77, 95% 
cI 0.62–0.94) and abdominal pain (RR  0.78, 
95% cI 0.69–0.88) by the end of the follow-up. 
Data were not sufficient to examine the efficacy 
of individual probiotic strains [119]. A strong pla-
cebo affect (reported in a range of 5–72%) [119] 
and a lack of uniformity of the IBS population 
may have hindered a clearer demonstration of 
the affect of probiotics in this disorder.

10. COnstIPatIOn

10.1. Prebiotics

This paragraph will not consider lactulose as 
a possible prebiotic and will focus only on GOS, 
FOS and inulin effects.

In healthy infants, different GOS and FOS 
supplementations alone (0.24 g/100 mL of GOS 
[9] and 0.3 g/100 mL [16] to 0.4 g/100 mL [17] 
of FOS) or in combinations (0.4 g/100 mL to 
1 g/100 mL) [5, 8, 13–15] resulted in decreased 
consistency and increased frequency of stools 
compared to standard formulas.

The laxative properties of inulin have also 
long been known [120] with a better benefit com-
pared to other oligosaccharides probably due to 
its higher molecular weight and lower solubility 
resulting in slower fermentation.

However, a clear benefit in constipated patients 
still needed to be demonstrated in children.

10.2. Probiotics

The absence of an intestinal flora in germ- 
free animals resulted in an abnormal intestinal  
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morphology and immune response and in 
decreased gastrointestinal motility [121]. Bifido- 
bacteria and lactobacilli produce lactic, acetic and  
other acids resulting in a lowering of pH in the 
colon that may enhance peristalsis and subse-
quently decreases colonic transit time [122, 123].

A DBRcT in 45 children with constipation 
showed that both the strain L. rhamnosus Lcr35 
(8  108 cfu/day) and magnesium oxide pro-
duced a similar significant increase in defeca-
tion frequency (p  0.03), less use of an enema 
(p  0.04), and less hard stools (p  0.01) com-
pared to the placebo group. Also, although only 
in the probiotic group, there was a significant 
decrease in abdominal pain (p  0.03) [124]. 
conversely, the addition of LGG (109 cfu/day) to 
lactulose as standard treatment did not offer any 
additional benefit in another DBRcT including 
84 children with constipation (3 bowel move-
ments per week) [125].

A pilot study in 20 children showed that a daily 
intake of a probiotic mixture (ecologic®Relief, 
4  109 cfu) containing three bifidobacteria (bifi
dum, longum and infantis) and three lactobacilli 
(casei, plantarum and rhamnosus) determined a 
significant decrease in abdominal pain (p  0.04 
after 2 weeks and p  0.006 after 4 weeks). There 
was also a significant decrease in the number 
of faecal incontinence episodes (p  0.01). The 
increase in stool frequency was significant only 
in the subgroup of patients presenting with 3 
bowel movements per week (p  0.01) [126].

One 7-month prospective DBRcT enrolling 134 
infants reported fewer incidences of constipation 
and hard stools in the group fed an experimental 
formula containing 2  107 cfu of Bifidobacterium 
longum BL999 and 4 g/L of a prebiotic mixture 
(90% GOS and 10% FOS) [127].

11. InFlammatOry BOwel 
DIsease (IBD)

The concept of dysbiosis, a breakdown of toler-
ance to autologous flora and of balance between 
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‘protective’ and ‘harmful’ intestinal bacteria, is 
gaining credibility in the multiple etiologic factors 
of IBD. The concept that the enteric flora is of pro-
found importance in the development of cD is 
supported by the absence of disease in germ-free 
conditions. equally important is the recognition 
that a specific disease-associated gene, such as 
nod-2, encodes an intracellular molecule essen-
tial in the inflammatory response to bacterial pep-
tidoglycans, and the induced production of IFn- 
by extracts of proper commensal flora [128].

11.1. Prebiotics

There are very limited results on prebiotics 
alone in either Uc or cD, although some data 
on anti-inflammatory properties of prebiot-
ics (lactulose, inulin, FOS, or a combination of 
them) on animal models of intestinal inflamma-
tion do exist [6].

An open pilot study evaluated the effect of 
a daily dose of 3–6 g of n-acetyl-glucosamine 
(a bifidogenic oligosaccharide also present in 
human milk) administered orally as adjunct 
therapy in 12 children with severe treatment-
resistant IBD or rectally as sole therapy in nine 
children with distal ulcerative colitis or resistant 
proctitis. eight of the 12 children treated orally 
and five out of nine treated rectally showed 
clear improvement. In all cases biopsied there 
was evidence of histological improvement, and 
a significant increase in epithelial and lamina 
propria glycosaminoglycans [129].

11.2. Probiotics

At the time of writing, only one RcT has 
been performed in children with IBD [130]. A 
2-year follow-up study with LGG in children 
with crohn’s disease in remission resulted in a 
non-significant difference in relapse rate (31 vs 
17% in the placebo group) and in the time lapse 
before the relapse [130].
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It is noteworthy that, despite any current evi-
dence of benefit of probiotics, almost 80% of the 
children with an IBD have a regular intake of 
probiotics [131].

12. HeliCobaCter pylori

The use of probiotics and food with bioac-
tive components in H. pylori-colonized subjects 
with gastric inflammation is supported by many 
observations [132]. Specific strains of Lactobacillus 
and Bifidobacterium exert in vitro bactericidal 
affects against H. pylori through the release of 
bacteriocins or the production of organic acids, 
and/or the inhibition of adhesion to epithelial 
cells [132]. In addition, the antioxidant and anti-
inflammatory properties exerted by specific pro-
biotics may stabilize the gastric barrier function 
and decrease mucosal inflammation [132].

The single or combined treatment with only 
Lactobacillus johnsonii La1 and cranberry juice, 
given daily for 3 weeks, reached an eradication 
rate of 15 and 23% in 271 randomized children 
compared to 1.5% in the control group (pla-
cebo/heat-killed La1)(p  0.01) [133]. In 141 
chilean children, Hp was eradicated in 66%, 
12% and 6.5% of the children by the standard 
eradication treatment, Saccharomyces boulardii 
plus inulin or Lactobacillus acidophilus LB groups 
while no spontaneous clearance was observed 
in the children without treatment [134].

In a multicenter, prospective, DBRcT supple-
mentation with fermented milk, containing live 
special probiotic L. casei Dn-114 001 (Actimel), 
conferred an enhanced therapeutic benefit on 
Hp eradication in 86 children with gastritis on 
triple therapy in both ITT (p  0.0045) and PP 
analysis (p  0.0019) [135].

conversely, probiotic food consisting of 250 mL 
of a commercial yogurt containing Bifidobacterium 
animalis and Lactobacillus casei (107 cfu/mL) did 
not improve the eradication rates when added to 
treatment in 65 Argentinian children [136].
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A prospective open study performed in 90 
symptomatic children showed that the addi-
tion of S. boulardii to the standard eradica-
tion treatment confers a 12% non-significant 
enhanced therapeutic benefit on H. pylori eradi-
cation (93 vs 81%, p  0.75) and reduces signifi-
cantly the incidence of side effects (8 vs 31%,  
p  0.047) [137].

In 40 chidren, L. reuteri ATcc 55730 (108 cfu) 
significantly reduced frequency and intensity of 
antibiotic-associated side effects during eradica-
tion therapy [138].

A review showed an improvement of Hp and 
decrease in Hp density after administration of 
probiotics in seven out of nine human studies 
considered. The addition of probiotics to stand-
ard antibiotic treatment significantly improved 
Hp eradication rates (81 vs 71%, p  0.03) and 
reduced Hp therapy-associated side effects (23 
vs 46%, p  0.04) [139].

One systematic review and meta-analysis 
including 10 RcT (two in children) [135, 136] and 
nearly 500 patients (72 children) in the treated 
group demonstrated that fermented milk-based 
probiotic preparations improve Hp eradication 
rates by approximately 5–15%, whereas the affect 
on adverse effects was heterogeneous [140].

13. COlICs anD  
regUrgItatIOn

13.1. Prebiotics

A formula containing partially hydrolyzed 
whey protein, modified vegetable oil with a 
high beta-palmitic acid content, prebiotic oli-
gosaccharides 0.8 g/dL GOS/FOS (ratio 9:1) sig-
nificantly increased stool frequency and reduced 
the frequency of colic and the number of regur-
gitation episodes after 1 and 2 weeks in 200 full-
term healthy infants [15]. The same formula 
induced a significant reduction in crying epi-
sodes in infants with colic after 7 and 14 days 
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when compared with a standard formula or 
simethicone [141].

13.2. Probiotics

In a prospective trial 90 breast-fed colicky 
infants were assigned randomly to receive either 
the probiotic L. reuteri (108 live bacteria per 
day) or simethicone (60 mg/day) for 28 days. 
The mothers avoided cows’ milk in their diet. 
Infants receiving L. reuteri showed a significant 
reduction in daily crying time (p  0.005 by day 
7, and p  0.001 on days 14, 21, and 28). At the 
end of the study, a significantly higher propor-
tion of responders were present in the probiotic 
group (95 vs 7%, p  0.001) compared to the 
simethicone group [142].

14. Preterm newBOrns

Feeding tolerance, regurgitation, mean daily 
crying, and stool frequency significantly improved 
in 10 preterm newborns receiving Lactobacillus 
reuteri ATcc 55730 (108 cfu a day) for 30 days. 
In addition, the gastric emptying rate was  
significantly increased and fasting antral area 
was significantly reduced compared to a pla-
cebo group [143].

candida species increasingly cause morbidity 
and mortality in the premature infant in neonatal 
intensive care units. A pilot DBRcT in preterm 
neonates has demonstrated that LGG admin-
istered in the first month of life significantly 
reduces enteric candida colonization [144].

15. neCrOtIZIng 
enterOCOlItIs

necrotizing enterocolitis (nec) is a severe 
condition occurring especially in preterm babies. 
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Abnormal gastrointestinal flora development 
has been hypothesized as one of the possible 
etiologic factors. In addition, through prevention 
of bacterial migration across the mucosa, com-
petitive exclusion of pathogenic bacteria, and 
enhancing the immune responses in the host, 
prophylactic enteral probiotics may play a role in 
reducing nec [145].

At least three RcTs with different lactoba-
cilli and bifidobacteria showed a significant  
reduction in the development of nec [146–148]. 
A supplementation of preterm infants with  
S. boulardii did not protect from nec [149]. 
nine eligible trials randomizing 1,425 infants 
were included in one cochrane meta-analysis 
[145] and showed that enteral probiotic supple-
mentation significantly reduced the incidences 
of severe nec (stage II or more) [typical RR 
0.32 (95% cI 0.17, 0.60)] and mortality [typical 
RR 0.43 (95% cI 0.25, 0.75)] in preterm infants. 
There was no evidence of a significant reduction  
of nosocomial sepsis [typical RR 0.93 (95% cI 
0.73, 1.19)] or days on total parenteral nutri-
tion (TPn) [WMD 1.9 (95% cI 4.6, 0.77)]. 
The included trials reported no systemic infec-
tion with the probiotics supplemental organism. 
Data regarding outcome of eLBW (1000 g) 
infants could not be extracted from the available 
studies considered [145].

Another prospective multicenter RcT, con-
ducted in Taiwan, enrolled 434 very low birth 
weights infants (1500 g). Bifidobacterium bifi
dum and Lactobacillus acidophilus added to 
breast milk or mixed feeding (breast milk and 
formula) were given twice daily for 6 weeks 
in the study group. The incidences of death or 
nec (Bell’s stage  or  2) was significantly 
lower in the study group. no adverse effect was  
reported [150].

Because cases of bacteremia and sepsis have 
been related to probiotic administration, fur-
ther large RcTs are required in this high-risk 
age group before the routine use of probiotics to 
reduce the risk for nec can be recommended in 
preterm babies.
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16. saFety anD sIDe eFFeCts

16.1. Prebiotics

Prebiotics are considered safe and without side 
effects. Flatulence, bloating and osmotic diarrhea 
may occur if inulin-derived oligosaccharides 
and GOS are taken in large amounts [6] but the 
threshold of the recommended dose still needs 
to be clarified because of the different individual 
prebiotic intake in common diet. Doses as high as 
30 g/d (roughly 0.5 g/kg) have been associated 
with gastrointestinal side effects in adults [151].  
In infants fed a FOS supplemented formula  
(1.5 or 3.0 g/L), gastrointestinal side effects 
were significantly higher (p  0.03) compared to 
human milk and dose-dependent with flatulence 
occurring in 21 and 31%, looser stools in 15 and 
31%, and spitting-up in 12 and 28% in the two 
FOS groups, respectively [16]. When a different 
combination of prebiotics (polydextrose, GOS, 
and lactulose) was considered, increased irrita-
bility appeared in the group fed 8 g/L of prebiot-
ics (16 vs 4% of controls, p  0.03), whereas in a 
significantly higher proportion of infants taking 
the formula supplemented with 4 g/L, diarrhea  
(18 vs 4% of controls, p  0.008) and eczema (18 vs  
7% of controls and 4% of 8 g/L groups, p  0.046 
and p  0.008, respectively) occurred [18].

16.2. Probiotics

Probiotics are ‘generally regarded as safe’, with 
no reported drug interactions and side effects such 
as septicemia and fungemia have only been very 
rarely reported in high-risk situations, such as in 
patients with immunodeficiency, short gut, central 
venous catheter [152]. Two cases of bacteriemia 
attributable to Lactobacillus supplementation, 
with identical molecular clinical and supplement 
isolates, were reported in an infant and a child 
without underlying gastrointestinal disease or 
immunocompromised status [153]. Fungemia 
has even been reported in an adult patient 
with deep central venous lines hospitalized  
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in a bed next to a patient treated with the yeast 
[154]. Probiotic enterococci and even lactobacilli, 
may act as reservoirs for antibiotic resistance 
genes and might transfer their resistance genes 
to pathogenic bacteria through their plasmids  
[155, 156]. Antibiotic sensitivity is currently 
required to commercialize a bacterial probi-
otic product. The absence of transfer of genetic 
material between microorganisms is relevant, 
especially in antibiotic-associated diarrhea and 
immunocompromised patients.

17. Key POInts

l Different supplementation of GOS and FOS 
positively affects the intestinal microflora 
and may improve immune status and 
calcium absorption.

l Prebiotics are considered safe and without 
side effects. Flatulence, irritability and looser 
diarrhea may occur especially if taken at high 
dosage.

l Probiotics are a heterogeneous group 
of microorganisms with differences in 
mechanisms of action, biological activity and 
dose.

l Proven efficacy of selected probiotics (mostly 
LGG, S. boulardii, L. reuteri) have been 
demonstrated in different gastrointestinal 
disorders such as acute infectious and 
antibiotic diarrhea, H. pylori infection and nec.

l Probiotics have no reported drug interactions 
and side effects such as septicemia and 
fungemia have only been very rarely reported 
in high-risk situations. Strain specificity and 
concentration are of utmost importance.

18. COnClUsIOns

18.1. Prebiotics

The evidence for supplemented prebiotics 
such as GOS, FOS and inulin is currently limited  
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to changes in stool consistency and increased 
concentration of bifidobacteria and lactobacilli 
after different supplementation. In pediatric age, 
there is an increasing body of evidence suggest-
ing a reduced incidence of frequent occurring 
infections and an improved calcium absorption.

18.2. Probiotics

The spectrum of application of probiotics is 
continuously expanding despite little evidence 
to support this broad use (Figure 13.3).

current recommendations for probiotic use 
in gastrointestinal disorders in children include 
a grade A for treatment of acute diarrhea, reduc-
tion of side effects eradication treatment in Hp 
infection, prevention of antibiotic-associated 
diarrhea, and nec. More studies are needed 
to prove efficacy in IBD, IBS, infantile colic and 
constipation (Table 13.2).

Because of strain-affect specificity, only those 
organisms that have been clinically tested can 
be recommended. L. casei GG and S. boulardii 
were the best studied but different probiotics 

FIgUre 13.3 Spectrum of clinical application of probi-
otics in gastrointestinal disorders in children.
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taBle 13.1 Evidence of efficacy of probiotics in pediatric gastrointestinal disorders

Gastrointestinal disorder Level of evidence Strain with the best efficacy Notes

Acute infectious diarrhea A LGG
Saccharomyces boulardii
Lactobacillus reuteri

Better effect if:
– early administration
– High dose
– Mild-to moderate diarrhea

Antibiotic associated 
diarrhea

A LGG
Saccharomyces boulardii

Risk reduced by 52%; better 
benefit if assumed within  
72 hrs of starting antibiotics

colic A Lactobacillus reuteri ATcc 
55730

efficacy in term and preterms. 
Imroved gastric emptying

constipaton B Lactobacilli (L. rhamnosus 
Lcr35) and Bifidobacteria

Insufficient data

crohn’s B – Only 1 study with LGG with 
negative results

Helicobacter pylori 
infection

A L. casei Dn-114 001,  
L. johnsonii LA1, L. reuteri 
ATcc 55730, Saccharmyces 
boulardii

enhanced eradication rate  
(5–15%) and reduced antibiotic 
side-effects

Irritable Bowel Syndrome B LGG Lower abdominal distension 
and pain frequency. Only 2 
trials

nec A Lactobacillli (acidophilus) 
and Bifidobacteria (bifidum)

Insufficient data on eLBW
(such as bifidobacteria and L. reuteri) showed 
beneficial effects in specific conditions. Since 
some commercialized products are combina-
tions of different strains, and synergism as well 
as antagonism may occur, laboratory and clini-
cal testing is mandatory before preferring them 
to a single-strain product.
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C H A P T E R
1. INtRoDuCtIoN

Fermented milk products have been consumed 
throughout the world for thousands of years, as 
evidenced by their depiction in Sumerian wall 
paintings dating back to 2500 BC.1 Consumption 
in those days were already considered to be 
beneficial to health, partly due to a reduced risk 
related to hygiene. At 76 BC, the Roman historian 
Plinius recommended the administration of fer-
mented milk products for treating gastroenteritis 
(reference cited in Bottazzi [1]).

At the beginning of the twentieth century, 
Carre [2], Tissier [3] and Metchnikoff [4] had  
the idea to suppress and displace harmful bac-
teria in the intestine by orally administered 
‘beneficial’ ones and by this improve microbial 
balance, health and longevity. To be more pre-
cise, Tissier recommended the administration of 
bifidobacteria to infants suffering from diarrhea, 
20 Promoting Health: Probiotics and Prebiotics 
claiming that bifidobacteria supersede the putre-
factive bacteria causing the disease. Nobel Prize 
winner (1908) Elie Metchnikoff from the Pasteur 
Institut in Paris claimed that the intake of lacto-
bacilli-containing yogurt results in a reduction 
of toxin-producing bacteria in the gut and this 
is associated with increased longevity of the 
host. Based on the work of Metchnikoff, in 1919 
Isaac Carasso developed the first industrially 
produced yogurt the way we know it today, as 
a therapy to treat life-threatening diarrhea in 
children, which was sold in pharmacies.

The term ‘probiotics’ itself was created  
in the 1950s by W. Kollath [5]. In 1965, Lilly  
and Stillwell used this term for live bacteria and 
spores as animal feed supplements that should 
help limiting the use of antibiotics in animal 
husbandry [6]. According to the definition of 
the FAO/WHO, probiotics are ‘live microorgani-
sms, which, when administered in adequate 
1At the time fermented milk products already played an important role in dairy farming, possibly because of the 
climatic conditions according to a Persian version of the Old Testament (Genesis 18:8), which states that Abraham 
owed his longevity to the consumption of sour milk.
5 © 2010, Elsevier Inc. All rights reserved.
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amounts, confer a health benefit on the host.’ 
Other definitions emphasize the importance of 
the intestinal and non-intestinal microflora2: ‘a 
probiotic is a preparation or product contain-
ing viable, defined microorganisms in sufficient 
numbers, which alter the microflora in a com-
partment of the host and by that exert health 
effects in this host’ [7]. Numerous probiotic 
microorganisms (e.g. Lactobacillus rhamnosus 
GG, L. reuteri, bifidobacteria and certain strains 
of L. casei or the L. acidophilus group) are used 
in probiotic food, particularly fermented milk 
products, or have been investigated—as well as 
Escherichia coli strain Nissle 1917, certain entero-
cocci (Enterococcus faecium SF68) and the probi-
otic yeast Saccharomyces boulardii—with regard 
to their medicinal use.

The similar-sounding term ‘prebiotic,’ which 
was introduced into the scientific literature by 
Gibson and Roberfroid in 1995 [8], characteri-
zes a special type of dietary fiber with specific 
bifidogenic properties, but without nutrient 
character.

Both probiotics and prebiotics are food com-
ponents that almost fulfil the definition of a 
functional food (defined as ‘foods and food com-
ponents that provide a health benefit beyond 
basic nutrition’ [9]); particularly the term ‘beyond 
nutrition,’ since bacteria have no nutrient char-
acter. Fermented milk with health-promoting  
‘probiotic’ properties is one of the oldest func-
tional foods.

Most health effects attributed to pro- and 
prebiotics are related, directly or indirectly (i.e. 
mediated by the immune system) to the gastroin-
testinal tract. This is not only because prebiotic 
carbohydrates, food probiotics or therapeutically 
used microorganisms are applied normally via 
the oral route. The mechanisms and the efficacy 
of a probiotic effect often depends on interac-
tions with the specific microflora of the host, on 
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inhibition of intestinal pathogens, on the reduc-
tion of harmful metabolites in the gut, and on 
effects on the gut-associated lymphoid system 
(GALT).

According to this, the effect of probiotics to 
prevent diarrhea or inflammatory bowel dis-
ease has been particularly studied [10, 11]. A 
published meta-analysis of 34 randomized  
placebo-controlled human studies concluded 
that probiotics do significantly reduce diarrhea, 
amongst others antibiotics-associated diarrhea 
incidences by 35 to 65%, traveler’s diarrhea inci-
dences by 6 to 21% and diarrhea incidences due 
to other reasons by 8 to 53%. Overall, the risk of 
acute diarrhea was reduced by 57% in children 
and by 26% in adults [12].

2. the use oF PRoBIotICs  
IN DIaRRhea

Most people experience frequent, loose, and 
watery bowel movements once or twice a year. 
This change from the usual pattern of stools is 
recognized as diarrhea. According to the WHO, 
diarrhea is defined as ‘the passage of three or 
more loose or liquid stools per day, or more fre-
quently than is normal for the individual’ [13]. 
diarrhea occurs when fluid absorption by the 
colon is insufficient, e.g. if the colon is damaged 
or inflamed.

There are several types of diarrhea:

1. Osmotic diarrhea, due to the maldigestion 
and malabsorption of osmotic active 
nutrients, which pull water into the bowels 
(e.g. lactose intolerance).

2. Motility-related diarrhea, due to rapid 
movement of food through the intestines and 
increased colon peristalsis.
2The term ‘microbiota’ is often used instead, because the ‘microflora’ comprise organisms of various phyla (bacteria, 
fungi, unicellular eukaryotes).
BIOTICS AS THERAPIES
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3. Secretory diarrhea, characterized by an 
increase in the active secretion and/or 
an inhibition of the absorption of ions, 
commonly due to the release of toxins in 
bacterial or viral infections or alterations of 
the autochthonal (originating in the place 
where found) microflora.

4. Inflammatory diarrhea, due to damage to 
the mucosal lining or brush border, which 
leads to a passive loss of protein-rich fluids 
(exudation), and a decreased ability to absorb 
these lost fluids.

Therefore, causes of diarrhea can be due to 
viral or bacterial infections, foodborne illnesses, 
allergies, food and particularly lactose intoler-
ance, or the ingestion of laxatives or foods with 
laxative properties and may be accompanied by 
abdominal pain, nausea and vomiting. diarrhea 
can also be a symptom of more serious dis-
eases, such as Montezuma’s Revenge (traveler’s 
diarrhea), dysentery, cholera, or botulism. It can 
also be indicative of severe radiation sickness or 
a chronic syndrome such as the irritable bowel 
syndrome or Crohn’s disease.

In all types of diarrhea, probiotic bacteria 
show a more or less preventive or therapeutic 
effect, dependent on the bacterial strain and its 
antimicrobial, immunomodulatory and anti-
inflammatory properties. They support the intes-
tinal defense against viruses, potentially harmful 
bacteria or toxins at all levels (autochthonal 
microbiota in the gut, the mucosal barrier and 
the gut-associated lymphoid tissue or GALT), 
stabilize a balanced composition of the intestinal 
microbiota and prevent an excessive overgrowth 
of commensals and/or potential harmful bacte-
ria of the autochthonal microbiota.

3. the INtestINal  
mICRoBIota

The intestinal microbiota is characterized by 
its high quantitative mass and its high qualitative  
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diversity. Although most of the microbiota is 
autochthonous, allochthonous microbiota is also  
found (e.g. most pathogens). At birth, the gut is 
sterile and is colonized in the first 5 days after 
birth with aerobics (E. coli, lactobacilli and ente-
rococci) and anaerobics (bacteroides and bifi-
dobacteria), which originate from the maternal 
intestinal and vaginal flora and the ‘hospital 
flora.’ The intestinal microbiota is vulnerable 
up to 3–5 years of age and stable afterwards, 
although there are marked differences in micro-
bial composition between individuals [14].

The commensal intestinal microbiota is char-
acterized by a predominantly saccharolytic meta-
bolism, i.e. it covers its energy requirements in 
large part through the fermentation of intestinal 
secreta, particularly complex carbohydrates from 
intestinal mucus, and from undigested dietary car-
bohydrates. In comparison with this, proteolytic 
metabolism and the digestion of other dietary resi-
dues plays only a minor role. The fermentation of 
complex carbohydrates results in the production 
of short-chain fatty acids (SCFA) such as acetate, 
propionate and butyrate, as well as of other ter-
minal products such as lactate, ethanol, succinate, 
carbon dioxide, hydrogen, and methane [15, 16].  
SCFA decrease gut pH [17], help increase gut 
motility [18], help absorption of nutrients such as 
calcium, magnesium, and iron [19], and provide 
energy for the colonic epithelium and the host 
[20]. Furthermore, luminal instillation of butyrate 
has been shown to be effective in the treatment of 
human ulcerative colitis and related inflammatory 
disorders [21, 22].

Even if the intestinal microbiota is relatively 
stable in adults, it can be negatively affected by 
poor diet, lifestyle habits, stress, illness, antibi-
otics treatment, other medications and aging; 
in the elderly, bifidobacteria counts drop and 
enterobacteria and clostridia increase (Fig. 14.1).

It is generally accepted that a so-called 
‘healthy’ and balanced intestinal microbiota is 
a prerequisite for health, particularly for gas-
trointestinal well-being, regular development 
and function of the immune system and the 
BIOTICS AS THERAPIES
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FIGuRe 14.1 Factors affecting the intestinal microbiota.
prevention of pathogen infection and diarrhea. 
However, there is no consensus of which con-
stituents an ‘ideal’ microbiota should be com-
posed, but there is thought to be one, which is 
predominantly saccharolytic and SCFA and lactic 
acid-releasing, and which contains high numbers 
of lactobacilli and bifidobacteria at the expense 
of the disadvantage of more proteolytic or even 
potentially harmful bacteria.

4. the muCosal BaRRIeR

The gastrointestinal mucosa forms a barrier 
between the body and a lumenal environment. 
The mucosa allows the transport of nutrients 
across the epithelium while it prevents the pas-
sage of harmful molecules and organisms into 
the organism. The exclusionary properties of the  
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gastrointestinal mucosa are referred to as the 
‘mucosal barrier.’ This comprises the intrinsic 
barrier (epithelial cell line) and the extrinsic 
barrier (digestive secretions, such as gastric and 
pancreatic juice, deconjugated bile acids and 
antimicrobial peptides).

Various in vitro and animal studies have inves-
tigated the influence of probiotics on epithelial 
homeostasis. Yan et al. showed that two soluble 
proteins produced by L. rhamnosus GG signifi-
cantly reduced TNF-induced intestinal epithelial 
damage and inhibited apoptosis of intestinal epi-
thelial cells [23]. Furthermore, E. coli Nissle 1917 
improved intestinal barrier function in a colitis 
mouse model [24]. In another study, pre-treat-
ment of rats with L. helveticus R0052 or L. rhamno
sus R0011 reduced the stress-induced impairment 
of the intestinal barrier by the reduction of the 
bacterial adhesion in the gut and bacterial trans-
location to the mesenteric lymph nodes [25].
BIOTICS AS THERAPIES
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5. the Gut-assoCIateD 
lymPhoID tIssue

The GALT includes both organized lymphoid 
compartments, consisting of Peyer’s patches, 
regional lymphatics, and mesenteric lymph nodes; 
and dispersed lymphoid cells in the intraepithe-
lial leukocyte spaces and the gut lamina propria.

The lumen of the gastrointestinal tract rep-
resents the environment outside of the body, 
comprising nutrients on the one hand and many 
harmful microorganisms and molecules on the 
other. The immune system distinguishes between 
what is harmful and what is not. Thus, various 
immune cells comprise in the digestive tube, 
such as M cells and dendritic cells (dCs). M cells, 
which occur in the intestinal epithelium, endocy-
tose protein and peptide antigens, and transport 
them into the underlying tissue. The antigens 
are taken up by local dCs and macrophages, 
which present them to T and B lymphocytes  
in the lymph nodes, leading via a signal cascade 
to the secretion of chemokines, cytokines, IgA 
and the appearance of other immune cells. The 
secretory IgA is transported through the epithe-
lial cells into the lumen, where, for example, it 
interferes with adhesion and invasion of bacte-
ria. The insufficient stimulation or differentiation 
of dCs leads to the deletion of effector T cells 
and the secretion of anti-inflammatory cytokines 
such as IL-10 and TGF-. This generates regula-
tory T cells that regulate the immune response 
against commensal bacteria [26].

The immune system is adversely affected by 
age, certain bacterial strains, certain diseases, 
poor diet, obesity, stress, and intense exercise 
[27–30]. In this respect, the often asked question 
on how probiotics beneficially affect the immune 
system of healthy subjects is generally answered 
with the note that probiotics can be conductive 
to reduce the risk and/or the duration of tran-
sient disruptions of the balance between immune 
system and intestinal microbiota and thus reduce 
the risk of diseases.
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However, it is not possible to characterize 
the effect of probiotics on the immune system 
as generally positive or negative, as the effects 
were usually described as ‘modulation,’ ‘bal-
ancing’ or ‘normalization.’ This comprises, as 
shown in various in vitro studies and clinical 
studies, an enhanced immune defense against 
pathogen bacteria and viruses due to an increase 
of pro-inflammatory cytokine release (IFN-, 
IL-2, IL-6, TNF-) and decreased (and thus nor-
malized) release of pro-inflammatory cytokines 
in chronic inflammatory diseases (Table 14.1).

6. INFeCtIous DIaRRhea 
CauseD By vIRuses oR 

BaCteRIa

Gastrointestinal infections due to viruses 
(typically rotavirus), bacteria (Salmonella, Shigella, 
Listeria, or pathogenic strains of E. coli), but  
also by eukaryotic protozoa (Giardia, Entamoeba, 
Microsporidium) or parasitic metazoa (e.g. the 
nematode Strongyloides stercoralis) are the most 
common and severe causes of diarrhea. However, 
in most cases, the lack of hygiene and/or clean 
drinking water and food are responsible.

Infectious diarrhea is classified as acute 
diarrhea (less than 14 days from infection to onset 
of diarrhea) and persistent diarrhea (more than 
14 days from infection to onset of diarrhea). In 
both cases, clinical studies investigated the effect 
of probiotics on prevention, therapy, or allevia-
tion of adverse effects of an antibiotic therapy.

Since in the 1990s probiotic bacteria and the 
yeast Saccharomyces boulardii have been recog-
nized to prevent diarrhea, alleviate gastroin-
testinal complaints or shorten acute infections, 
these effects have been investigated extensively. 
Most studies have been performed in infants, 
hospitalized children and in children from day 
care centers, as a beneficial effect of probiot-
ics was expected in children due to a modifi-
able immune system and/or a severe infection. 
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taBle 14.1 Examples of immunomodulatory effects of probiotics

Immunological function Parameter/target group Result

Innate (non-specific) immunity IL-12 ↑, NK cells ↑, phagocytosis ↑, 
neutophils ↑, monocytes ↑

Adaptive/acquired (specific) immunity Immunoglobulins, Food allergy 
associated Ig

IgA ↑, sIgA ↑, IgG ↑, virus-neutralizing 
antibodies ↑, IgE ↓

Mucosal integrity Intestinal epithelium  
Intestinal barrier

Cell damage, apoptosis ↓, -defensin-2 ↑, 
barrier function ↑, bacterial translocation ↓

Recognition of bacteria* Toll-like receptors (TLRs) 
Mannose receptor

TLR-2 ↑, Cd-206 ↑

Release of pro-inflammatory (TH1-) 
cytokines

Healthy subjects Chronically 
inflamed subjects

IFN-, IL-6 ↑, TNF- ↑, IFN- ↓, IL-2 ↑, IL-6 ↓,  
TNF- ↓

Release of anti-inflammatory cytokines Healthy subjects IL-10 ↑

Chronically inflamed subjects IL-10 ↓

Release of pro-allergic cytokines Allergic subjects IL-5 ↓

*Triggering pro-inflammatory reactions.
Therefore, this effect is perhaps the best docu-
mented beneficial probiotic effect [31–36].

In most studies a single lactobacillus strain 
or the yeast S. boulardii were used, less trials 
were performed with bifidobacteria or mix-
tures of several strains of probiotic bacteria [37]. 
Particularly, the effects of probiotic microor-
ganisms on the incidence (preventive effect) as 
well as the severity and/or duration of acute 
infectious diarrhea (therapeutic effect) were 
investigated in these studies, and a reduction 
of the incidence of diarrhea (RR 0.66) or the 
duration of diarrheal episodes by about 1 day  
were the most often observed beneficial effects 
[38–41]. Altogether, controlled clinical stud-
ies and meta-analyses [41] showed that there is  
evidence to suggest beneficial effects on infec-
tious diarrhea of several strains of probiotic 
microorganisms (Table 14.2), particularly of the  
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lactobacilli L. rhamnosus GG and L. reuteri, as 
well as the yeast Saccharomyces boulardii; whereas 
less studies have been performed show-
ing anti-diarrheal effects of other lactobacilli  
(L. acidophilus, L. plantarum), bifidobacteria,  
E. coli ‘Nissle 1917’, or mixed-strain probiotics  
(e.g. VSL#33 or L. acidophilus LA5 plus Bifidobacte
rium lactis BB124).

L. rhamnosus strain Goldin and Gorbach 
(LGG; ATCC 53103) is named after two 
American scientists who had performed a  
successful systematic search for a probiotic  
bacterial strain for use in humans. LGG was  
the first bacterial strain used in foods, in par-
ticular in fermented milk products. No other 
probiotic bacterial strain was more often used 
(predominantly successfully) in clinical trials 
investigating the effect on diarrhea and other 
diseases [42].
4LA5 and/or BB12: mostly used for the production of probiotic fermented milk products (frequently together with  
S. thermophilus).

3VSL#3: Streptococcus thermophilus  Bifidobacterium breve  B. longum  B. infantis  L. acidophilus  L. plantarum   
L. paracasei  L. delbrueckii ssp. bulgaricus.
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The strain L. reuteri produces a very active 
bacteriocin5 (Reuterin). This explains the useful-
ness of this probiotic in factory farming (turkeys) 
and beneficial effects particularly on bacterial 
infectious diarrhea [34].

E. coli strain Nissle 1917 is predominantly 
effective in infectious diseases. However, a 
study investigating its effects on acute diarrhea 
in infants and toddlers showed a significantly 
decreased duration of diarrhea [43, 44].

The tropical yeast S. boulardii (which has now 
been re-identified as a strain of Saccharomyces 
cerevisiae or baker’s (brewer’s) yeast) was first 
isolated from the lychee and mangosteen fruit 
in 1923 by Henri Boulard. This French scien-
tist had observed that South East Asian natives 

taBle 14.2 Probiotic bacteria with clinically proven 
beneficial effects in diarrheal disorders

Lactobacilli

L. acidophilus L. fermentum L. johnsonii

L. brevis L. helveticus L. plantarum

L. casei L. paracasei L. rhamnosus

Bifidobacteria

B. adolescentis B. breve B. longum

B. animalis B. infantis

B. bifidum B. lactis

Others

Enterococcus 
faecium

Saccharomyces 
boulardii

Lactococcus lactis 
ssp. lactis

Multistrain probiotics

La5  Bb12  
(S. thermophilus)

VSL#3
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chewed these fruits as a medication against 
cholera. Mannose residues on the surface of  
S. boulardii bind adhesin-mediated to (pathogenic) 
bacteria preventing them from adhering to intesti-
nal brush border and facilitating their elimination 
from the body via defecation [45]. Furthermore,  
S. boulardii proteolytically degrades Clostridium dif
ficile toxin A and B [46] and has anti-inflammatory 
effects [47, 48]. S. boulardii is used as preventive 
and therapeutic efficacy in infectious diarrhea and 
other intestinal disorders and has been proven in 
numerous randomized controlled (small-scale) 
clinical trials in children [49–51] and adults [52], 
which have been summarized in several reviews 
and meta-analyses [53, 54].

However, in other studies, lactobacilli [55, 56],  
bifidobacteria or S. boulardii had no effect on the 
duration or incidence of infectious diarrhea, or 
they were effective in persistent diarrhea [57] 
but ineffective in severe acute diarrhea [58]. In 
another trial using five different commercial pro-
biotic preparations (108–1010  cfu/day), only 
LGG and a probiotic mix of four bacterial strains 
(L. acidophilus, Bifidobacterium bifidum, S. ther
mophilus and L. delbrueckii ssp. bulgaricus) were 
effective in decreasing the duration of diarrhea 
and the daily stool output, whereas the other 
strains tested (strains of S. boulardii, Bacillus 
clausiii and Enterococcus faecium) were not [59].

Altogether, an actual literature search6 retri-
eved 35 randomized controlled (mostly small-
scale) clinical trials in which beneficial effects of 
probiotics on acute diarrhea were demonstrated, 
whereas eight studies showed no effect. In 60% 
of the studies with a positive outcome, lactoba-
cilli were given. The others used bifidobacteria 
(6%), yogurt, E. coli Nissle 1917 or E. faecium SF 
68 (3% each), S. boulardii or a mixed strain pro-
biotic (11% each). In most studies, therapeutic  
5Bacteriocins are peptides or proteins that kill other bacteria by disturbing synthesis, function and structure of the 
bacterial cell wall. The advantage over antibiotics is the minimal risk for the host microflora and the absence of a 
risk of developing resistance because of the narrow spectrum of killing activity, which is directed against a limited 
number of other bacterial strains of the same or a closely related species.
6de Vrese and Offick, unpublished data.
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effects of probiotics on acute (predominantly 
rotavirus-induced) diarrhea were investigated, 
and most frequently a reduction of the duration 
of diarrheal episodes by between 0.8 and 1.2 
days was observed (according to a mean relative 
risk, RR  0.43). Only four studies were avail-
able investigating the effect of probiotics on the 
prevention of acute diarrhea. A decreased inci-
dence of diarrhea was found in only two of these 
studies. The other two studies showed a reduced 
length and/or severity of diarrhea in the probi-
otic groups. A combined analysis of probiotic 
effects on prevention of acute diarrhea and anti-
biotics-associated diarrhea showed significantly 
less days with diarrhea in the probiotic groups 
compared with the controls (mean values 2 vs  
8 days per trial period; RR  0.13–0.65).

7. DIaRRhea IN NewBoRNs

Early inoculation of a plasmid-free human  
E. coli into human newborns did not affect early 
colonization of the gut but reduced the frequency 
of acute diarrhea during the first year of life [60].

8. RotavIRus-INDuCeD 
DIaRRhea IN (hosPItalIzeD) 

ChIlDReN

Virus- (mainly rotavirus-) induced diarrhea 
is still a major problem and frequent cause  
of death, especially in hospitalized children  
and in developing countries. due to their cost-
effectiveness and the absence of adverse side 
effects, probiotics have been used to treat such 
diarrheas for some time.

One of the first studies, which was per-
formed in 71 Finnish children, demonstrated 
that the mean duration of diarrhea was signifi-
cantly shorter after treatment with L. casei sp. 
strain GG (1.4  0.8 days) than after placebo  
7de Vrese and Offick, unpublished data.
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treatment (2.4  1.1 days) [61]. In another Finnish 
study performed in 49 infants (6–35 months old) 
three different freeze-dried lactic acid bacteria 
preparations were given. The mean (Sd) dura-
tion of diarrhea was 1.8 (0.8) days in infants who 
received LGG, 2.8 (1.2) days in those receiving  
L. casei subsp. rhamnosus, and 2.6 (1.4) days in 
those receiving yogurt bacteria (33). In a recent 
randomized, double blind, placebo-controlled 
study treatment of 230 subjects suffering from rota-
virus diarrhea with the probiotic product VSL#3, 
increased the stool consistency and decreased the 
stool frequency [37], whereas other trials used 
lactobacilli strains, which also decreased the dura-
tion and incidence of diarrhea [62].

Altogether, in an actual analysis7 of nine ran-
domized, controlled trials on the effect of probi-
otics (8  lactobacilli, 1  VSL#3) specifically on 
rotavirus-induced diarrhea, all studies showed 
that probiotics are effective in treating rotavirus-
induced diarrhea. Thereby the use of probiotics, 
as compared with a placebo, was associated with 
a significantly reduced risk particularly of longer-
lasting diarrhea (3 days) in hospitalized children 
(RR 0.43 (95% CI, 0.34–0.53; fixed-effect model).

9. GastRoINtestINal 
ComPlaINts aND DIaRRhea 
IN ChIlDReN FRom Day CaRe 

CeNteRs

Four studies were performed in young 
healthy children from day care centers, without 
the examination of the nature of the causative 
pathogens, probably mainly viral [63–66].

A French study group examined 287 children 
(aged 18.9  6.0 months) in day care nurser-
ies administered daily with either unfermented 
jellied milk, conventional yogurt or a probiotic 
yogurt product containing 108  cfu/mL L. casei. 
Products were given for 1 month each, inter-
rupted by 1 month without supplementation. 
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The conventional yogurt shortened the mean 
duration of diarrhea from 8 days down to 5 days; 
the probiotic product was even better at 4.3 days 
(p  0.01), while the incidence of diarrhea was 
not different between groups [63]. The study 
was expanded to a randomized, controlled mul-
ticenter clinical trial in a total of 928 children 
(aged 6–24 months). The daily administration of 
L. caseicontaining fermented milk for 2 months 
decreased the frequency of diarrhea compared 
with the administration of conventional yogurt 
(15.9 vs 22%, p  0.05) [64]. In another study, 
Finnish children from day care centers, who con-
sumed milk containing a probiotic L. rhamnosus  
strain during the winter, had 16% less days of 
absence from day care due to diarrhea and gas-
trointestinal and respiratory tract infections than 
the control group [65]. Similarly, infants from 
Israeli child care centers consuming B. lactis  
Bb12 or L. reuteri Sd2112 had less infectious 
diseases (diarrhea, cold), a reduced incidence 
of diarrhea (from 0.31  0.09 to 0.13  0.08 or 
0.02  0.01, respectively), and a shorter duration 
of episodes (from 0.59  0.25 days to 0.37  0.29 
or 0.15  0.03 days, respectively) [66].

Another study group showed that the admin-
istration of acidified milk formula supplemented 
with B. lactis Bb12 significantly decreased the 
days with diarrhea in infants in residential care 
settings (probiotic group: 1.15  2.5 days; pla-
cebo group: 2.3  4.5 days), but was not dif-
ferent from the placebo (conventional formula 
without probiotics) in the incidence of diarrhea 
(probiotic group: 28.3%; placebo group: 38.7%) 
and the duration of diarrhea episodes (probiotic 
group: 5.1  3.3 days; placebo group: 7  5.5 
days) [67].

10. DIaRRhea IN 
uNDeRNouRIsheD ChIlDReN

A study performed in 204 undernourished 
Peruvian children (6–24 months) showed that 
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LGG reduced the frequency of diarrhea from 6.0 
to 5.2 episodes per child and year (p  0.05) [68].

11. stuDIes IN aDults

Only a few studies investigating the effect 
of probiotics on infectious diarrhea have been 
performed in adults. In a study by Pereg et al., 
529 Israeli soldiers consumed yogurt with or 
without probiotic L. casei cultures. In the pro-
biotic group, 12% had diarrhea compared to 
16% in the control group. The duration of the 
diarrhea was 2.6 days in the probiotic group 
versus 3 days in the control group. These dif-
ferences were not significant [69]. Another 
study performed in 211 adults showed that the 
administration of Enterococcus SF 68 for 5 days 
significantly reduced the duration of diarrhea 
[35]. And a meta-analysis showed that probiot-
ics reduced the risk of acute diarrhea of diverse 
causes by 26% (7–49%) among adults compared 
with 57% (35–71%) among children [12, 70].

12. tRaveleR’s DIaRRhea

Investigations on the effect of probiotic bac-
teria on traveler’s diarrhea showed inconsistent 
results, possibly due to differences between pro-
biotic strains, the traveled countries, the local 
microflora, specific (eating) habits of the trave-
lers or the way of administration of the probi-
otic (before or during travel, as a capsule or a 
fermented milk product). Whereas some studies 
revealed less or shortened episodes of diarrhea 
in subjects consuming the probiotic [71–74], 
 others found no such effect [75, 76].

Two meta-analyses investigated the effect 
of probiotics on traveler’s diarrhea. The meta-
analysis of McFarland showed that probiotics 
significantly prevent the incidence of traveler’s 
diarrhea (RR  0.85, 95% CI 0.79, 0.91, p  0.001) 
[77] and Sazawal and colleagues showed that the 
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risk of traveler’s diarrhea was reduced by 8% 
(6 to 21%) [12].

13. aNtIBIotIC-assoCIateD 
DIaRRhea

Administration of certain probiotic strains 
before and during antibiotic treatment reduced 
the frequency and/or duration of episodes of 
antibiotic-associated diarrhea and the severity 
of symptoms in most clinical studies [78–86].

In these trials, both probiotic preparations 
and probiotic fermented milk products were 
applied, in part with considerable success. For 
example, a fermented multistrain probiotic (LA-
5 plus Bb12) milk drink prevented 80% of AAd 
in adult hospitalized patients [87]. On average, 
in randomized, controlled clinical studies in the 
probiotic group, a duration of diarrhea of 2 days 
was observed compared with 8 days in the con-
trol group.

The administration of a fermented milk prod-
uct containing B. animalis ssp. lactis and L. aci
dophilus (2  107–2  109 cfu/day) for 4 weeks 
before and during an H. pylori eradication ther-
apy led to significantly less episodes of diarrhea 
(7 vs 22% of the subjects) compared with the 
placebo group [88]. Furthermore, in this study 
the applied probiotica per se (i.e. already before 
the antibiotic therapy) and/or the milk acids 
contained in the product, reduced the activity 
of H. pylori in the gut, albeit without completely 
eradicating this bacterium [88]. Similarly, the 
administration of S. boulardii during a triple 
anti-H. pylori therapy in 124 Turkish adults sig-
nificantly reduced the number of subjects suf-
fering from diarrhea (probiotic group: 14.5%, 
placebo group: 30.6%) [89].

On the other hand, a study using a mix of 
probiotics (B. longum, L. rhamnosus, L. plantarum) 
in 78 Polish children, treated by antibiotics 
because of otitis media, respiratory tract infec-
tions and/or urinary tract infections, showed a 
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similar rate of diarrhea in the probiotic and the 
placebo group [90]. Several other papers did not 
report any positive effects either [91–97]. Of the 
10 studies that did not show any beneficial effect 
of probiotics on antibiotic-associated diarrhea 
or only a reduced frequency of stools but not of 
diarrhea, most studies were performed on adults 
or elderly and only one study was performed on 
infants or children.

In some cases, antibiotic treatment and par-
ticularly the use of modern broad-spectrum 
antibiotics, which may eradicate members of 
the ‘normal’ protective gut flora, can result in 
life-threatening pseudomembranous colitis (also 
called Clostridium difficile associated diarrhea 
(CdAd) or antibiotic-associated colitis). CdAd 
is associated with the abundance of anaero-
bic toxigenic bacteria (particularly strains of 
Clostridium difficile), characterized by diarrhea, 
abdominal pain and fever, and has emerged as 
a major healthcare problem. Routine treatment 
includes metronidazole or vancomycin. Fecal 
bacteriotherapy, i.e. infusion of fecal bacteria 
from a healthy donor, has been used with high 
success to restore the imbalanced intestinal flora 
of CdAd patients, whereas probiotic bacteria 
(e.g. L. casei, L. bulgaricus, and S. thermophilus 
[98]) or Saccharomyces boulardii [99] reduced the 
incidence or recurrence of CdAd in some stud-
ies but were ineffective in others.

Altogether, several meta-analyses investigat-
ing the efficacy of probiotics in the prevention 
of antibiotic-associated diarrhea showed that 
administration of LGG, L. acidophilus spec., L. 
reuteri spec., L. plantarum spec., yogurt, several 
strains of bifidobacteria or S. boulardii is associ-
ated with a significantly reduced incidence of 
diarrhea by up to 52%, according to a relative 
risk (RR  0.44) [12, 82, 84, 100]. In one meta-
analysis four out of six trials showed that LGG 
is effective in preventing antibiotic-associated 
diarrhea and one trial reduced the number of 
days with diarrhea [82], whereas only two out 
of four studies included in a systematic review 
[101] showed a significant reduction of CdAd.
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14. DIaRRhea IN 
ImmuNoComPRomIseD  

suBjeCts

Chemo- and radiotherapy frequently cause 
severe disturbances of the immune system and 
the indigenous intestinal microflora, accompa-
nied by diarrhea and/or increased cell counts 
of fungi (Candida albicans) in the gastrointes-
tinal tract and other organs. Both side effects 
were ameliorated by the administration of pro-
biotic bacteria before and during chemo- [102] 
or radiotherapy [103–105]. On the other hand, 
one randomized, placebo-controlled, multi-
center study performed in 85 patients receiving 
L. casei or placebo during radiotherapy showed 
that diarrhea or the use of loperamide was not 
different between the two groups (30 out of 44 
patients in the probiotic group and 24 out of 41 
in the placebo group) [106].

It was shown that probiotic products are 
well-tolerated by HIV patients [107], but in 
most investigations, they do not exert anti-
diarrheal effects in these patients [108,109] with 
the exception of S. boulardii, which significantly 
increased the recovery rate and weight gain of 
AIdS patients suffering from diarrhea in one 
study [110].

15. BaCteRIal oveRGRowth

Small bowel bacterial overgrowth is a disorder 
of excessive bacterial growth in the small intes-
tine, defined as  105 total cfu/mL jejunal secre-
tions. Unlike the colon, the small bowel is usually 
not rich with bacteria. It occurs in the absence 
of muscular activity in the small bowel, which 
allows the bacteria to stay longer, and multiply 
in the small bowel and spread backwards from 
the colon into the small bowel. Typical symp-
toms of small bowel bacteria overgrowth are 
diarrhea, nausea, bloating and vomiting.
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Only a few studies have examined the effect 
of probiotic bacteria on small bowel bacterial 
overgrowth. Successful studies showed the nor-
malization of the small bowel microflora [111], 
decreased frequency of diarrhea [112], decreased 
release of toxic N-metabolites [113], whereas 
two further studies did not show any beneficial 
effect of S. boulardii [114] or L. fermentum KLd 
[115] compared to conventional antibiotics treat-
ment or a placebo, respectively.

16. laCtose INtoleRaNCe

Lactose intolerance is the inability to digest 
significant amounts of lactose, because the 
required enzyme -galactosidase (also called 
lactase) is absent or its availability is lowered. 
The consumption of milk or other products 
containing lactose results in gastrointestinal 
symptoms such as nausea, cramps, bloating, flat-
ulence, abdominal pain, and diarrhea. It is esti-
mated that 75% of adults worldwide show some 
decrease in lactase activity during adulthood.

It is well-known that fermented milk prod-
ucts improve the tolerance of milk products and 
thus avoid intolerance symptoms. This effect 
is attributable to the microbial -galactosidase  
of the bacteria, which survives the passage 
through the stomach and is released in the 
small intestine [116]. It was shown that, beside 
probiotic bacteria [117], yogurt is very effec-
tive or even more effective in improving lactose 
digestion, thus the effect does not depend on 
the survival of the bacteria in the small intestine  
[118, 119]. The effect of the -galactosidase of 
many probiotic bacteria might be lower com-
pared to the effect of yogurt, because of a low 
activity of the enzyme or an incomplete release 
of the enzyme due to high resistance against 
acid and bile salts of the bacteria [120].

Yogurt cultures improve the digestion of 
lactose and reduce or prevent lactose-induced 
diarrhea in lactose intolerant subjects. Thus, in 
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a cross-over study with nurses from Africa or 
Korea, acute gastrointestinal complaints after 
ingestion of 12.5/25 mg lactose (yogurt) was 
reduced by 75% compared to a watery lac-
tose suspension; furthermore, no diarrhea was 
observed [116]. Other probiotic cultures, which 
improve lactose digestion to a lesser extent, 
might reduce the lactose-induced gastrointestinal 
complaints due to modulation of the microbiotia 
and/or a reduced complaint perception [121].

17. INFlammatoRy INtestINal 
DIseases

Crohn’s disease (Cd) and colitis ulcerosa 
(ulcerative colitis, UC) are known as inflammatory 
bowel diseases (IBd). The precise pathogenesis is 
not yet fully understood. Nowadays, it is postu-
lated that the cause is an aggressive, cell-mediated 
answer of the immune system to a combination 
of specific endogenous and environmental factors 
(e.g. infections) in subjects with a specific genetic 
background. It is assumed that the inflammation 
of the mucosa is the result of the disturbance of 
the autochthonous intestinal microflora and the 
stimulation of pro-inflammatory immunologi-
cal processes. Thus, probiotic bacteria with anti-
inflammatory properties might improve the health 
and well-being of affected patients and positively 
influence the intestinal microbiota.

Although IBd is not a diarrheal disease in the 
strict sense of the word, and although diarrhea 
occurs only in a part of the cases of Crohn’s disease 
and colitis ulcerosa, inflammatory intestinal dis-
eases are listed here. In the corresponding clinical 
studies, beneficial effects of probiotics on diarrhea 
are not always mentioned, but it can be concluded 
that alleviation or the prevention of IBd and IBd 
symptoms may potentially include diarrhea.

Studies in rats or mice showed that the appli-
cation of lactobacilli, bifidobacteria, Lactococcus 
lactis or non-food probiotics, particularly non-
pathogenic strains of E. coli (e.g. strain Nissle 
1917) prevents or treats colitis [122–125].
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Similarly, patients with inflammatory bowel 
diseases [126–132], diverticulitis [133] or inflam-
mation of an ileal pouch [134] showed an improve-
ment of the symptoms and a higher quality of life 
[135]. The beneficial effects of probiotics were dem-
onstrated mainly in the prevention and treatment 
of pouchitis and in maintaining remission of mild 
to moderate ulcerative colitis. Probiotics appear to 
be less effective in patients with Crohn’s disease.

However, in most of these studies only a 
small number of patients were investigated, and 
the probiotic agent, dosage and duration of treat-
ment varied widely between them. Therefore, 
more randomized clinical trials are still required 
to further define the role of probiotics as preven-
tive and therapeutic agents [136].

17.1. Colitis ulcerosa

Colitis ulcerosa usually affects the lining of the 
rectum and lower part of the colon, but can also 
spread throughout the entire colon. Many theo-
ries exist about what causes UC. It is assumed 
that it might be caused by an overreaction of the 
immune system to normal bacteria in the diges-
tive tract. The inflammation in the colon causes 
the colon to empty frequently, causing cramps 
and diarrhea mixed with blood and mucus.

Probiotics were used both to induce remis-
sion (resolution of inflammation) initially and 
to prevent a relapse of the disease. Several stud-
ies showed that E. coli Nissle was as effective as 
Mesalazin, the standard treatment drug, in pre-
venting a relapse [130, 137–139]. Studies inves-
tigating the effect of other probiotics (LGG, 
bifidobacteria, lactobacilli, VSL#3) to prevent 
a relapse of the disease compared to a placebo 
also showed that the probiotics were more effec-
tive [140–143]. On the other hand, the induction 
of a remission of UC by fecal bacteriotherapy or 
administration of accepted probiotics did reverse 
UC only in some selected patients [144] or was 
the same in the verum and placebo group, 
respectively [145, 146].
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17.2. Crohn’s Disease

Crohn’s disease primarily affects the lining of 
the small and large intestines, but can affect the 
digestive system anywhere from the mouth to 
the anus. The disease is named after dr. Burrill 
B. Crohn. The inflammation affects all layers of 
the gut and causes abdominal pain, diarrhea, 
vomiting, and weight loss.

The study by Plein and Hotz was one of the 
first randomized, controlled studies, investi-
gating the effect of probiotics on Crohn’s dis-
ease. They showed that S. boulardii significantly 
reduced the incidence of diarrhea in Crohn’s 
disease patients [147]. Further studies showed 
that probiotics prevent relapses of the disease 
[148–150]. However, again the results of a meta-
analysis showed that the evidence of a benefi-
cial effect of probiotics is low because of the low 
number of subjects included in the respective 
studies [151].

17.3. Pouchitis

Pouchitis is an inflammation of the lining of 
the pouch (small bowel pocket), which is cre-
ated to hold bowel movements in patients with 
UC who have had all of their large intestine or 
colon removed. The pouch is a considerably 
smaller reservoir than the colon; thus, patients 
tend to have more frequent bowel movements 
(6–8 times a day), and the reduced absorption 
of water in the pouch leads to diarrhea.

Antibiotic and anti-inflammatory therapy is the 
most common treatment for pouchitis. The use of 
probiotics, in particular VSL#3, for the prevention 
and treatment of pouchitis has been investigated 
in double blind, controlled or open clinical stud-
ies. Probiotics were effective in the prevention 
of primary pouchitis [152, 153] and the preven-
tion of relapse of pouchitis [134, 154], whereas  
probiotics did not induce remission in all patients 
with acute pouchitis [155]. In two other studies, 
milk fermented with La-5 and Bb12 [156] or LGG 
[157] did not induce remission in any patient and 
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only a slight improvement of the composition of 
the pouch flora and symptoms was observed.

17.4. Collagenous Colitis  
and lymphocytic Colitis

Collagenous colitis and lymphocytic colitis 
are inflammatory conditions of the colon, also 
called microscopic colitis, because the inflam-
mation is not visible and a biopsy is necessary to 
make a diagnosis. Symptoms are chronic, non-
bloody, watery diarrhea and cramps. At the time 
of writing, two studies investigating the effects 
of probiotics on this condition are available. In 
an open trial, the probiotic E. coli Nissle signifi-
cantly decreased the frequency of stools per day 
from 7.6  4.8 to 3.7  5.8 (p  0.034) [158], and 
a randomized, placebo-controlled, double blind, 
multicenter study showed that a mix of probiotic 
bacteria (L. acidophilus LA-5, B. animalis ssp. lactis 
Bb12) decreased the number of liquid stools per 
week in collagenous colitis [159].

17.5. Irritable Bowel syndrome

Irritable bowel syndrome (IBS) is the name 
for a variety of functional bowel disorders with-
out (known) organic cause. Characteristic symp-
toms are chronic abdominal pain, cramping and 
discomfort, flatulence, meteorisms and a change 
in bowel habits (either diarrhea or obstipation, 
or both). IBS is a common disorder and women 
are more likely to contract IBS and to suffer 
from more severe symptoms. The cause of IBS 
is currently unknown. It is probably a combina-
tion of different factors, including abnormal gas-
trointestinal tract movements and psychological 
disorders. Furthermore, alterations of the intes-
tinal microflora (low numbers of lactobacilli and 
bifidobacteria) may be involved in the initiation 
and/or chronicity of the symptoms [160, 161].

Nevertheless, little attention has been paid 
to the potential advantages of correcting this 
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imbalance by using probiotics. Some studies 
have shown (dose-dependent) improvements in 
bloating, flatulence, bowel dysfunction, incom-
plete evacuation, abdominal pain or the overall 
quality of life in response to probiotics [161–165], 
whereas others failed to show any significant 
positive effect [166, 167], at least with respect to 
the primary outcome parameter [168].

Hamilton-Miller reviewed the results of  
12 clinical trials, involving a total of 1371 patients 
treated with probiotics (169). Although in 10 tri-
als (of which five were randomized, double blind 
and placebo controlled) the use of probiotics was 
beneficial, the probiotic agents, dosages and 
duration of treatment varied too widely between 
the studies. Furthermore, the number of patients 
included was too small to allow any definite 
conclusions other than the assumption that pro-
biotics might be more effective in preventing IBS 
than in its treatment [169].

Extending the literature search to 2008 and 
that limitation to randomized, controlled clinical 
studies in adults yielded one, five or two studies, 
in which none, at least one, or all IBS symptoms 
tested (pain, flatulence, meteorism and diarrhea/
obstipation) were improved by L. acidophilus,  
L. plantarum, L. salivarius, B. infantis, LGG or VSL#3.8

18. ImPaCt oF PReBIotICs oN 
the INtestINal FloRa

Positive effects of pre- and synbiotics on the 
intestinal flora [170, 171] (i.e. growth-promotion 
of potentially protective bacteria—bifidobacteria  
and in part lactobacilli) and/or the inhibition of 
potentially pathogenic microorganisms, as well 
as stabilization of the intestinal environment 
by lowering the pH and release of short-chain 
organic acids, have been investigated and con-
firmed frequently by in vitro and in vivo trials. 
Inulin, oligofructose or oligosaccharides as well 

8de Vrese and Offick, unpublished data.
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as their synbiotic combination with probiotic 
bacteria (strains of L. plantarum, L. paracasei or 
B. bifidum), increased bifidobacteria and lacto-
bacilli or inhibited various human and animal 
pathogenic bacteria strains (Clostridium spez.,  
E. coli, Campylobacter jejuni, Enterobacterium spez., 
Salmonella enteritidis or S. typhimurium) in vitro 
[172] or in mice [173], piglets [174] or humans 
[175, 176].

Only relatively few studies observed or 
examined result in preventive or therapeutic 
health effects. At least there are some experi-
mental indications on beneficial effects of inulin, 
oligofructose or galacto-oligosaccharides, given 
alone or as a synbiotic, in the case of experimen-
tal colitis in rats [177], of rotavirus-induced, C. 
difficile-associated and other diarrheal diseases 
[176, 178] and of refractory enterocolitis [179]. 
The administration of 12 g oligofructose per day 
for the prevention of traveler’s diarrhea showed 
moderate success [180], while the frequency of 
antibiotics-associated diarrhea in children [181] 
or the elderly [182], infectious diarrhea in chil-
dren [183] as well as diarrhea associated with an 
irritable colon [184] could not be reduced signif-
icantly. There do not appear to be any findings 
concerning the potential application of prebiot-
ics in the case of obstipation.

19. PReBIotIC INFaNt 
FoRmulae—eFFeCtIve aGaINst 

INFaNtIle DIaRRheas?

Formulas for bottle-fed infants have been 
developed which soften and acidify (pH 5–6) 
stools and induce an intestinal flora with high 
bifidus content similar to that of 2–3-month-old 
breast-fed infants [185, 186]. For this purpose, 
milk-based infant formulae were enriched with 
either probiotic bifidobacteria and lactobacilli or 
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bifidogenic fructo- and galacto-oligosaccharides 
[185–188].

The human breast milk contains more than 
130 different oligosaccharides and glycoconju-
gates at a concentration of 12–14 g/L (compared 
to cows’ milk: 1 g/L). These include short- or 
longer-chain, linear or branched chain, neutral 
or acidic, and apart from simple sugars like 
galactose, glucose and fructose they are also 
sugar derivatives like amino sugars or uronic 
acids. The oligosaccharides and glycoconjugates 
play a major role in the bifidogenic, protective 
and immunomodulating properties of human 
breast milk [185, 186]. However, the complex-
ity of the composition excludes the possibility to 
develop a comparable formula.

One further property of human breast milk 
that still cannot be simulated with commer-
cially available prebiotics, is namely the inhibi-
tion of the adhesion of (pathogenic) bacteria on 
endothelic cells. This inhibition is caused by cer-
tain, more complex oligosaccharides in human 
breast milk, which are receptor-analogues to 
the adhesion molecules of the intestinal mucosa 
[185, 186].

Several published studies show a benefi-
cial effect of prebiotics on health, although the 
quantity, structure and composition of the 
added prebiotics need to be optimized and fur-
ther studies are needed to confirm the current 
results. It was shown that the administration 
of conventional infant formulae supplemented 
with 0.4 to 1 g/100 mL oligofructose and/or 
(more frequently) galacto-oligosaccharides for 
3 to 12 weeks significantly increased the bifi-
dobacteria in the fecal flora from 20 to approxi-
mately 60% (breast-fed infants: 80%), and to 
stool characteristics similar to that of breast-fed 
infants [189–193].

In addition, animal studies as well as stud-
ies in infants and children, show other possi-
ble advantages of supplementing infant food 
with prebiotics, probiotics or synbiotics, such 
as less necrotizing enterocolitides [194, 195] or 
less rotavirus- and otherwise induced diarrhea 
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in children [196–198]. Furthermore, administra-
tion of prebiotics to children in Thailand, Brazil, 
Mexico, Spain and Portugal suffering partly 
from malnutrition, increased calcium adsorp-
tion, supported immunogenicity as well as relief 
of atopic and allergic problems, and improved 
all in growth and health [185, 199–201].

20. CoNClusIoNs: 
CoNtRaDICtoRy oR NeGatIve 

stuDy Results—laCK oF 
eFFICaCy?

despite the unquestionable market success of 
pro- and prebiotic foods; the increasingly expo-
nential published clinical studies, meta-analy-
ses and reviews on probiotics; and an increasing 
understanding of the underlying mechanisms 
of anti-diarrheal effects of pro- and prebiotics 
and their interactions with the intestinal flora 
and the immune system, it is frequently argued 
that pro- and prebiotics have no health effects—
mostly with reference to negative or contradic-
tive study outcomes and/or the low number of 
study participants. These objections, however, 
disregard the fact that clinical studies yield 
statistical results, and can have, due to strain, 
matrix, and target group specificity of pro- and 
prebiotic effects, variable effects in different 
individuals and/or (age) groups. This means 
that each consumer and each physician needs 
to test whether, and to what extent, healthy  
consumers as well as patients may profit from 
pro- and prebiotics.

Nevertheless prevention, abatement or 
shortening of rotavirus-induced or antibiotic-
 associated (acute) diarrhea are considered to be 
well-established probiotic effects, as well as an 
aid in the alleviation of complaints due to lactose 
intolerance. For others with intestinal inflamma-
tion and/or disordered intestinal microbiota- 
associated diarrheal diseases, the tentative use/
application of probiotics (rather than prebiotics) 
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is considered an option. Overall, a general rec-
ommendation to consume probiotics cannot yet 
be given as further clinical studies with a larger 
number of participants are still needed.
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C H A P T E R
1. IntrOduCtIOn

Even with the development in HIV medi-
cal treatment research, many social and clinical 
factors can affect functional status and qual-
ity of life for HIV-infected children. Due to the 
immune cell dysfunction and subsequent immu-
nodeficiency, there are many clinical manifesta-
tions, as gastrointestinal dysfunction, leading to 
electrolyte imbalance, malnutrition and severe 
weight loss. HIV is recognized to alter the struc-
ture and the function of human small intestines. 
As a result, there is dysregulation of the gut 
immunity followed by frequent and complicated 
diarrhea, disruption of bowel structure and 
function, and malnutrition. Malabsorption in 
HIV has been frequently shown in the literature 
and it might contribute directly to CD4 count 
decrease, malnutrition, wasting and reduced 
body-mass index, and increased viral load [1–3]. 
Because intestinal dysfunction is frequent in 
pediatric HIV infection—which includes carbo-
hydrate malabsorption, steatorrhea, increased 
intestinal permeability, and intestinal iron mal-
absorption—it is extremely important to restore 
intestinal digestive-absorptive function at an 
early stage of HIV in order to reverse immune 
22oactive Foods in Promoting Health: Probiotics and Prebiotics 
derangement [4]. The disordered immune sys-
tem itself contributes to mucosal injury, which 
can exacerbate even more the immunodeficiency 
and enhance the HIV replication [5, 6].

It is quite common among HIV-infected chil-
dren to have a depression of immune function 
caused by malnutrition, which is potentially 
reversible by restoring gut microflora and nutri-
tional rehabilitation [3]. A study by Brantley 
et al. [7] found a strong association between 
severe diarrhea and wasting in AIDS-infected 
humans and both protozoal pathogens and sub-
therapeutic levels of antiretroviral medications. 
Since intestinal dysfunction is common in HIV 
infection—that is, carbohydrate malabsorption, 
frequent diarrhea, steatorrhea—the intestinal per-
meability is increased, and might cause enteric 
pathogens translocation, propitiated by bacterial 
gastrointestinal overgrowth [8–10]. Probably the 
whole intestinal dysfunction is fundamentally 
reflected by the immune status, due to the fact 
that nearly 70% of the immune system response 
is localized in the digestive tract, as the gut flora 
can interact with the innate immunity and influ-
ence the adaptive immune response in an impor-
tant relation between the immune system and 
the environment. Among this population, we 
9 © 2010, Elsevier Inc. All rights reserved.



15. PROBIOTICS AND AIDS230
can also have the situation aggravated by the 
poor absorption and metabolism of antiretroviral 
drugs [11–13].

As the probiotics, defined as live microbial 
feed supplements, can improve intestinal micro-
bial balance and promote health benefits, we can 
give them a goal of enhanced mucosal immune 
defense. This mechanism can happen through 
enhancing macrophage activity, elevating the 
numbers of killer cells, T cells, and interferon; and 
their action against pathogenic microbial coloni-
zation and translocation. Consequently, probiotic 
therapy may help the immune system and restore 
intestinal digestive-absorptive function [14–18].

Immune responses, placed in the intestinal epi-
thelium, associated with probiotics and epithe-
lial cells, might be sufficient to trigger signaling 
cascades that activate underlying immune cells in 
the lamina propria [19]. The immunostimulatory 
properties of probiotics were discussed in a pre-
view study, and how they might be helpful in the 
treatment of AIDS improving quality of life, since 
low CD4 count has been shown to be predictive 
of disease progression and the development of 
opportunistic infections [20].

2. the therapy Of  
prObIOtIC’s Immune 
stImulatIOn In hIv  

patIents

Probiotics have been administered both pro-
phylactically and therapeutically in an attempt 
to modify the mucosal, epithelial, intestinal and 
systemic immune activity in ways that may ben-
efit human health. They are reported to improve 
microbial balance in the intestinal tract and 
display both antibacterial and immune regula-
tory effects in humans [21]. Due to these char-
acteristics, acute infectious diarrhea is the most 
investigated field in the area of probiotic use in 
children, followed by the immune stimulation. 
The literature demonstrated that probiotics has 
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a good safety profile. The rationale for using 
probiotics for the above-mentioned purposes is 
based on the assumption that they modify the 
composition of the intestinal microflora and act 
against enteric pathogens [22, 23].

The HIV children have no chance, as a healthy 
child does, to develop a balanced microfloral, 
for the most important gut first colonization 
happens through breast-feeding, followed by 
exposure to the environment, maternal flora, 
delivery characteristics, and use of antibiotics. 
After 2 years of age, the gastrointestinal micro-
biota has implications on the functional ability 
of gut flora to optimize its activities in nutrition, 
food and drugs absorption and metabolism, 
vitamin synthesis, defense and education of the 
local immune system. More than 500 species of 
bacteria interact with the innate immune system 
and play a critical role there [13].

Probiotics, a commensal bacteria, interact  
with the host immune system, acting as an 
important antigenic stimulus for the improve-
ment of gut-associated lymphoid tissue (GALT), 
starting the local immune responses [19]. The 
protection role of the microflora is mediated by 
a number of mechanisms, such as competitive 
exclusion, increasing normal intestinal barrier 
function, stimulating immunoglobulin (Ig)A 
production. Among the explanations known to 
date, there is a reasonable one for the probiotic 
stimulation of the immune response. The gut-
associated lymphoid tissue can affect immune 
responses at other mucosal surfaces, through 
the production of IgA, crossing Peyer’s patches 
and stimulation of T lymphocyte helpers, 
inducing phenotype and B cell response, result-
ing in modulation of the indigenous microbiota 
composition in HIV-infected patients [4, 24]. It 
has been proven that the microbiota has a posi-
tive impact on immune regulation. There are 
some studies relating probiotics and immune-
response, as shown by Meyer et al., through an 
increase in CD8 and CD4 in healthy women. 
However, the proof of probiotics’ direct involve-
ment needs to be studied further [25].
BIoTICS AS THErAPIES
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The GALT has enormous functions, since 
almost 70% of the human immune system is local-
ized in the digestive tract, as mentioned before. 
Therefore, the probiotic therapy plays an impor-
tant role in the HIV child’s health. Moreover, 
because most of the probiotics do not perma-
nently colonize the intestine as they just pass 
through the intestine, they must be taken regu-
larly and in sufficient quantities; at least 5 billion 
colony-forming units (cfu) or more, to maintain 
adequate amounts in the colon and to promote 
periodic immune stimulation [17, 18]. In addition, 
there can also be a huge difference of persistence 
among probiotic strains, reflecting their capacity 
to modulate immunity. Different bacteria elicit 
different cytokine responses from epithelial cells, 
inducing the GALT in many ways [13, 19].

From an analysis of the literature, we can see 
why probiotics should be used for the immune 
response. Most of the studies clearly demonstrated 
increased phagocytosis, a response by IgA and 
IgM, B cell responses, and other cytokines, such as 
alpha IFn and IL-10. The authors conclude that to 
induce optimal immunologic modulation it may 
be wise to use multiple organisms, thereby stimu-
lating a broad immune benefit [26].

Another topic that must be considered is the 
duration of the probiotic therapy. The literature 
suggests at least 1 month’s supplement period 
in order to achieve immunostimulatory effects. 
Less than that could not be enough to stimulate 
the immune system. However, the continuous 
administration of probiotics may not be the best 
method of administration. The immune enhance-
ment properties of probiotics may require peri-
odic pulse dosing [18, 27].

3. dOsage

There is no consensus on the dosage number 
of bacteria that has to be consumed to produce 
a beneficial health effect. The daily dosage of 
probiotic(s) varies greatly, from 2 to 40 billion 
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bacteria/day. Each application for a health 
claim will be different, but apparently there is a 
minimum number of 5 million probiotic bacte-
ria to be taken as a therapy to have significant 
results, and it could range to 3 trillion cfu in 
specific cases, as used for the remission of ulcer-
ative colitis. Most clinical studies in children use 
5 to 10 billion cfu/day or a little higher depend-
ing on the purpose and bacterial strain proper-
ties [13, 28].

4. seCurIty

There is no published evidence that the con-
sumption of probiotics, containing lactobacilli 
or bifidobacteria—lactic acid bacteria (LAB) 
type, increases the risk of opportunistic infec-
tion among immunocompromised patients. 
In the literature there are two studies showing 
the safety of probiotics consumption by HIV 
patients. Probiotics are even being used to pre-
vent diarrhea in AIDS patients [24, 29–31].

A review of available clinical trials made by the 
ESPGHAn Committee on nutrition confirms that 
cases of infection with Bifidobacterium during sup-
plementation have not been reported. Also, the 
increased consumption of Lactobacillus GG in food 
products has not resulted in an increased incidence 
of bacteremia, except in a rare case of a severely ill 
immunocompromised host [32]. The only adverse 
effects that could occur are mild abdominal dis-
comfort and flatulence. Consequently, probiotics 
so far used in clinical trials can be generally con-
sidered as safe in healthy children and even in 
immunocompromised children [25].

5. a prevIOus study

In a previous study, a randomized double blind 
controlled trial, we tried to determine whether 
the use of probiotics could improve the immune 
response marked by CD4 cells/mm3 counts and 
BIoTICS AS THErAPIES
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reduce liquid stool episodes of HIV-infected  
children. We studied 77 HIV-infected children 
(2–12 years old), divided into two groups. In one, 
38 children received probiotics (formula con-
taining Bifidobacterium bifidum with Streptococcus 
thermophilus—2.5  1010 cfu) and in the other,  
39 children received a standard formula (control 
group), for 2 months [20].

The results of the study, in immunoresponse 
markers, showed an increase in the mean CD4 
count in the probiotics group (p  0.049), and 
on the intestinal dysfunction we could see a 
positive response. A similar reduction in liquid  
stool consistency happened in both groups 
(p  0.06), with a slight enhancement in the 
probiotics group (p  0.522), and there was an 
increase in the incidence of normal stool con-
sistency (p  0.01) [20].

6. COnClusIOn

In conclusion, this study showed that probiot-
ics might have immunostimulatory properties and 
can be helpful in the treatment of HIV-infected 
children, since the antiretroviral therapy had not 
changed during the study. It must be emphasized 
that not all probiotics have immunomodulatory 
properties capable of increasing the CD4 count. 
This is shown in this study by Bifidobacterium 
bifidum and Streptococcus thermophilus, a 3-week 
draw-study performed by Schifrin et al. which 
presented an increase in global phagocytic activ-
ity of blood phagocytes (granulocytes and mono-
cytes) and in a further study by Meyer et al., with 
healthy women, which showed a stimulator effect 
of LAB in activating T cells [33, 34, 20].

Hirose et al. showed a positive result of daily 
intake of probiotics, as a heat-killed Lactobacillus 
plantarum strain, for 12 weeks. This randomized, 
double blind, placebo-controlled study, placed 
with healthy adults, suggests that the probiotic 
therapy augments acquired immunity, espe-
cially T cell helpers (CD4), thereby improving 
C. PrEBIoTICS AnD Pro
the health-related quality of life, reinforcing our 
interest in using probiotics in patients with AIDS, 
looking for their quality of life [35].
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C H A P T E R
1. INTroduCTIoN

Obesity is viewed as one of the major cur-
rent public-health issues due to its high preva-
lence and associated co-morbidities worldwide. 
Obesity constitutes a risk factor for a number 
of related disorders including type-2 diabe-
tes mellitus, cardiovascular diseases and non- 
alcoholic fatty liver disease. Obesity results from 
a long-term positive imbalance between energy 
intake and expenditure. Multiple pathways 
interact to regulate energy balance and appetite, 
which are integrated in the central nervous sys-
tem and finally determine lipid accumulation and 
body weight. Hormones synthesized in entero- 
endocrine cells of the gastrointestinal tract and 
peripheral tissues, where signals are integrated 
by the peripheral and central nervous system 
(gut–brain axis), are critical in regulation of 
appetite and body weight. These are produced 
in response to nutrients and energy status and, 
therefore, they could partially be modulated by 
dietary strategies. The long-term control of inges-
tion seems to be primarily mediated by signals 
23Bioactive Foods in Promoting Health: Probiotics and Prebiotics 
emanating from the adipose tissue (leptin) and 
pancreas (insulin), which are released in response 
to food ingestion and fat storage [1]. The short-
term control of ingestion is primarily controlled 
by signaling pathways emanating from the gas-
trointestinal tract, including orexigenic peptides 
(ghrelin), which trigger hunger signals, and ano-
rexigenic peptides (cholecystokinin, glucagon-like 
peptide-1 [GLP-1] and peptide tyrosine-tyrosine 
[PYY]), which drive satiety signals.

Obesity is also associated with a state of 
chronic low-grade inflammation and increased 
susceptibility to infection due to malfunc-
tion of the immune system. Obese individuals  
show increased macrophage infiltration in the 
adipose tissue along with production of inflam-
matory adipokines, cytokines and associated 
immune factors. Inflammatory immune media-
tors (e.g. C-reactive protein, tumor-necrosis fac-
tor [TNF]-, interleukin [IL]-6, and monocyte 
chemotactic protein 1 [MCP-1]) and adipokines 
(leptin and resistin) are elevated in obese mice 
and human subjects, whereas production of 
the anti-inflammatory and insulin-sensitizing 
7 © 2010, Elsevier Inc. All rights reserved.
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adipokine adiponectin is reduced [2]. In fact, 
chronic activation of the innate immune sys-
tem is regarded as a risk factor for the develop-
ment of obesity and associated disorders, which 
might be under the immunomodulatory effects 
of the dietary compounds.

The increased prevalence of obesity and  
metabolic-associated disorders is thought to be 
the result of societal changes associated with reg-
ular intake of energy-dense foods and low physi-
cal activity worldwide [3]. Interventions based on 
dietary energy restrictions and increased physical 
activity have partially contributed to bodyweight 
control, but they have usually yielded limited 
and temporal weight loss. Pharmacological 
therapies have not fully succeeded in effectively 
treating obesity for long-term periods and have 
side effects [4]. In this context, the understand-
ing of the contribution of interactions between 
environmental factors and predisposing genes to 
metabolic conditions is critical to progress on the 
development of more effective preventive and 
therapeutic strategies.

The human gut is populated by a vast 
number of bacterial species that reach concentra-
tions ranging from 107 to 1012 cells per gram of 
intestinal content from the small intestine to the 
colon. This microbial community evolves with 
its host throughout life by establishing symbiotic 
and mutualistic relationships, which favor their 
co-existence [5]. The collective genome (micro-
biome) of the gut microbiota contains at least 
100 times as many genes as the human genome, 
providing additional features and contributing 
to human physiological diversity [6, 7]. The gut 
microbiota serves a number of relevant functions 
to the metabolism, immunity and defense of the 
host against external aggressions. The metabo-
lism of the gut microbiota contributes to energy 
salvage, improvement of complex polysaccha-
ride digestion and production of vitamins and 
other essential nutrients [8]. The gut microbiota 
also regulates epithelial permeability as well as 
many aspects of innate and acquired immunity, 
protecting the host form pathogen invasion and 
d. PrObIOTICs
chronic inflammation [9, 10]. The concept that 
a balanced gut microbiota is required for main-
taining a good nutritional and health status, has 
led to the design of dietary strategies to favor the 
prevalence of beneficial bacteria. These include 
the administration of prebiotic oligosaccharides, 
probiotics and synbiotics (a combination of pro- 
and prebiotics) in the form of functional foods 
and supplements. Probiotics are defined as live 
microbes that, when administered in adequate 
amounts, confer a health benefit to the host  
[11]. The genus Bifidobacterium is the predomi-
nant in the intestinal tract of infants, especially 
when they are breast-fed; this bacterial group 
also represents about 3–7% of the total micro-
biota in the intestine of healthy adults and it is 
associated with beneficial effects [9]. The genus 
Lactobacillus also inhabits the human gastroin-
testinal tract and some species are widely used 
in diverse food fermentations. These features 
have made these two bacterial genera the most 
attractive as probiotics for human consumption. 
Prebiotics are non-digestible dietary ingredi-
ents that allow changes, both in the composition 
and/or activity of the gastrointestinal microbiota, 
which confer benefits to the host’s health [12]. 
Galactosyl-oligosaccharides (GOs) and inulin-
type fructans (long-chain inulin and short-chain 
derivatives, e.g. oligofructose (OFs)) are the 
prebiotics most commonly commercialized [13]. 
In this chapter, the knowledge on the contribu-
tion of the gut microbiota to obesity and asso-
ciated-metabolic disorders and the evidence on 
the possible benefits of interventions with probi-
otic, prebiotics and synbiotics are reviewed.

2. GuT MICroBIoTA 
CoMpoSITIoN ASSoCIATEd  

wITh oBESITy ANd  
METABolIC dISordErS

Obesity has been associated with phylum 
and group-specific changes in the microbiota, 
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reduced bacterial diversity and altered repre-
sentation of bacterial genes corresponding to 
diverse metabolic pathways, which suggest a 
functional relationship between the microbiota 
and the host involved in bodyweight regulation 
[14, 15].

Increases in the relative abundance of Firmicutes 
and proportional reductions in Bacteroidetes have 
been associated with obesity by comparisons 
between the distal gut microbiota of genetically 
obese ob/ob mice (leptin deficient) and their lean 
(ob/ or /) littermates by dNa sequencing 
[16]. a higher proportion of Archaea was also 
found on the cecal microbiota of these geneti-
cally obese mice in comparison with their lean 
littermates and, therefore, linked to obesity [17]. 
diet-induced obesity in animal models has also 
been associated with increased representation 
of Eubacterium dolichum from the Firmicutes divi-
sion, which was also diminished by subsequent 
dietary manipulations to limit weight gain [18]. 
Obese Zucker rats (fa/fa) also showed reduced 
Bifidobacterium counts quantified by fluores-
cence in situ hybridization (FIsH) and increased 
abundance of Halomonas and Sphingomonas 
detected by PCr and denaturing gradient gel 
electrophoresis (dGGe), compared to lean rats. 
These changes were associated with different 
metabolic phenotypes, including lower levels of 
urinary hippurate and creatinine, higher levels 
of urinary isoleucine, leucine and acetate and 
higher plasma levels of LdL and VLdL in obese 
than in lean rats [15].

similar deviations in the relative fecal propor-
tions of Firmicutes and Bacteroidetes have been 
associated with human obesity [19]. In addition, 
obese human adults submitted to a hypoca-
loric diet (either low carbohydrate- or low fat-
containing diet) showed significant increases 
in fecal proportions of Bacteroidetes parallel to 
weight loss over a 1-year-long intervention [19]. 
Furthermore, a lower proportion of Bacteroidetes 
and a higher proportion of Actinobacteria have 
been associated with obesity by comparisons 
between the fecal microbiota of obese and lean 
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twin human subjects [14]. an increased abun-
dance of Bacteroidetes was also related to increased 
genome functional diversity by dNa sequenc-
ing [14]. a larger-scale intervention study has 
demonstrated that both a calorie-restricted diet 
and increased physical activity induce changes 
in the gut microbiota structure of obese adoles-
cents, correlated with weight loss and body mass 
index (bMI) Z-score reductions [20, 21]. C. histo-
lyticum, C. lituseburense and E. rectale-C. coccoides 
proportions dropped significantly, while those 
of the Bacteroides-Prevotella group increased after 
the intervention in those adolescents who expe-
rienced significant weight reductions ( 4 kg 
representing 8.1% of their body weight) as deter-
mined by FIsH (20). In agreement, Bacteroides 
fragilis group and Lactobacillus group numbers 
increased while Clostridium coccoides group and 
B. longum numbers dropped significantly in those 
adolescents that experience important weight 
loss as determined by quantitative real-time 
PCr [21]. Moreover, the effectiveness of the life-
style intervention on bodyweight loss seemed 
to be influenced by the composition of the indi-
vidual’s microbiota [21]. Other reports indicated 
that a dietary intervention, based on reducing 
carbohydrate intake, led to reductions in popu-
lations of Bifidobacterium and Roseburia spp. and 
Eubacterium rectale sub-groups of clostridial clus-
ter XIVa in obese human subjects, while no dif-
ferences were detected in Bacteroides or other 
clostridial clusters [22]; however, relationships to 
body weight were not established. studies on the 
evolution of mammals and their gut microbes by 
dNa sequencing also pointed out that the diet is 
a fundamental driver for changes in gut bacte-
rial diversity, which increases from carnivore to 
omnivore to herbivore [23].

differences in fecal microbiota composition 
were shown to precede overweight in children 
early in life. While children maintaining normal 
weights showed a greater number of bifidobac-
teria, children becoming overweight showed a 
greater number of Staphylococcus aureus in feces 
during infancy [24].
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The imbalanced gut microbiota composition 
associated with genetic or diet-induced obes-
ity has also been shown to be reversible by oral 
transfer of the gut microbiota from lean mice to 
a germ-free recipient [18, 25] or by administra-
tion of prebiotic substrates to animal models at 
least over short-term periods [26]. On the light 
of this evidence, the intentional manipulation 
of the composition of gut microbiota via dietary 
strategies has been considered a possible tool 
to revert or prevent overweight and particu-
larly metabolic-associated disorders [18, 25, 26], 
although direct evidence on such hypothesis is 
still limited.

3. GuT MICroBIoTA, NuTrIENT 
METABolISM ANd ENErGy 

STorAGE

Comparisons between germ-free mice and 
colonized mice by the conventional distal gut 
microbiota have demonstrated that the micro-
biota increases the host’s ability to both har-
vest energy from the diet and store this energy 
in adipocytes, contributing to bodyweight 
gain [27]. The intestinal microbiota develops 
an important biochemical activity within the 
human body by both providing additional met-
abolic capacities to the host [6] and regulating 
diverse aspects of cellular differentiation and 
gene expression via host-microbe interactions 
[28]. The intestinal microbiota provides enzymes 
involved in the utilization of non-digestible  
carbohydrates and host-derived glycocon-
jugates (e.g. chondroitin sulphate, mucin, 
hyaluronate and heparin), deconjugation and 
dehydroxylation of bile acids, cholesterol reduction  
and biosynthesis of vitamins (K and b group), 
isoprenoids and amino acids (e.g. lysine  
and threonine) [6, 28]. In particular, the ability 
of the commensal microbiota to utilize complex 
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dietary polysaccharides, which would otherwise 
be inaccessible to humans, seems to contribute 
to the ability of the host to harvest energy from 
the diet. This may represent 10% of the daily 
energy supply in omnivores and up to 70% in 
herbivores [29]. This metabolic activity leads to 
the generation of short-chain fatty acids (sCFas) 
(mainly butyrate, acetate and propionate), which 
are almost completely absorbed along the gas-
trointestinal tract. Increased production of sCFas 
indicates activation of the metabolic activity of 
the colonic microbiota that could contribute to 
energy supply. However, the contribution of each 
sCFa to body weight remains unclear. butyrate 
is extensively utilized by enterocytes and gen-
erally regarded as a healthy metabolite, since it  
exerts anti-inflammatory effects and contributes  
to glucagon-like peptide 1 (GLP-1) secretion 
involved in satiety [30]. However, the production  
of butyrate has also been associated with 
increased prevalence of C. perfringens, which 
could explain its association and that of the 
Firmicutes phylum with obesity in animal and 
human studies [31]. acetate and propionate 
could access the portal circulation and oppo-
sitely impact lipid metabolism. acetate seems 
to contribute to lipid and cholesterol synthe-
sis in the liver by activating the cytosolic acetyl 
s Coa synthetase 2, while propionate may 
inhibit lipid synthesis from acetate [32]. several 
clostridial clusters of Firmicutes are also involved 
in acetogenesis [33], which could partly explain 
the inverse relationship between Firmicutes and 
bodyweight reductions in human studies. The 
removal of the hydrogen generated in the last 
stages of polysaccharide fermentation by the 
action of methanogenic microorganisms also 
activates the metabolism and growth of polysac-
charide degrading bacteria, which could explain 
the association between the methanogenic 
Archaea and obesity [34].

The commensal microbiota has also been 
shown to induce expression of genes involved  
in the processing and absorption of dietary  
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carbohydrates and complex lipids in the host, 
favoring fat storage [27, 35]. For instance, ileal 
expression of a monosaccharide transporter 
(Na  /glucose co-transporter) was induced in 
B. thetaiotaomicron mono-colonized mice, which 
would lead to increasing the absorption of die-
tary monosaccharides and sCFa and, thereby, 
promoting de novo synthesis of lipids in the liver 
[35]. Eubacterium dolichum was also shown to 
favor import and processing of simple sugars 
in subjects under a western-style diet, explain-
ing the mechanistic basis of its association with 
obesity [18]. The colonization of germ-free mice 
by conventional microbiota also increased liver 
expression of key enzymes (acetyl-Coa carbox-
ylase and fatty acid synthase) involved in the 
de novo fatty acid biosynthetic pathways, and 
transcriptional factors (ChrebP and srebP-1) 
involved in hepatocyte lipogenic responses to 
insulin and glucose [27]. In addition, the coloni-
zation reduced the levels of circulating fasting-
induced adipose factor (Fiaf) and the skeletal 
muscle and liver levels of phosphorylated aMP-
activated protein kinase, which altogether  
contribute to fat storage [36]. The colonization 
of germ-free mice by B. thetaiotaomicron also 
increased the expression of other components 
involved in the host’s lipid absorption machin-
ery, including a pancreatic-lipase related pro-
tein that hydrolyzes triacylglycerols, a cytosolic 
fatty acid binding protein (L-FabP) involved in 
intracellular trafficking of fatty acids, and the 
apolipoprotein a-IV that mediates export of tria-
cylglycerols re-synthesized in the enterocyte [35].

Components of the commensal gut microbi-
ota could also regulate serum lipids and choles-
terol by taking part in the bile acid metabolism. 
bacterial enzymes mainly catalyze the deconju-
gation and dehydroxylation of bile acids, which 
alter the solubilization and absorption of die-
tary lipids throughout the intestine [37]. Fecal 
commensal bacteria were also shown to reduce 
cholesterol to coprostanol and, thus, increase its 
excretion in feces [38].

4. GuT MICROBIOTA AND N
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4. GuT MICroBIoTA ANd 
NEuroENdoCrINE FuNCTIoN

Neuroendocrine secretions synthesized in 
the enteric nervous system and enteroendocrine 
cells of the gastrointestinal tract mucosa, periph-
eral organs and tissues (adipose tissue, pancreas, 
and liver) contribute to regulation of energy bal-
ance (or deregulation in obesity) in communica-
tion with the central nervous system.

Comparisons between germ-free and conven-
tionalized mice indicated that the gut microbiota, 
as a whole, stimulates the synthesis of leptin, with 
a proportional increase in body fat and insulin 
resistance [27]. Leptin is the dominant long-term 
signal informing the brain of energy stores that 
inhibits food intake. However, leptin deficiency 
is not a common cause of obesity but leptin resist-
ance, associated with increased serum levels, 
hunger and reduced energy expenditure. some 
of the receptors of neuropeptides involved in 
regulation of satiety and hunger (NPY and alpha- 
 melanocortin-stimulating hormone) are also 
regulated by leptin. Increased leptin levels usu-
ally associated with obesity could also promote a 
Th1-type cytokine secretion and contribute to the 
inflammatory tone [39]. short-chain fatty acids, 
which mainly derived from the fermentative 
activity of the gut microbiota, have been shown to 
be ligands for G protein-coupled receptors, such 
as Gpr41, expressed in the distal small intestine, 
colon, and adipocytes, which upon activation 
stimulate the expression of peptide hormones (e.g. 
leptin and PYY) involved in appetite and energy 
metabolism [40]. The results have revealed that 
Gpr41 plays a pivotal role in regulating the flow of 
calories between the diet and the host in a micro-
biota-dependent manner. In particular, a Gpr41-
deficiency was associated with reduced expression 
of PYY, which is an enteroendocrine peptide that 
modulates gut motility, transit rate, and reduced 
harvest of energy from the diet. autoantibodies 
against key appetite-regulating neuropeptides 
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and peptide hormones (e.g. alpha-melanocyte-
stimulating hormone, NPY, agouti-related pro-
tein, ghrelin and leptin) have also been detected in 
sera of human subjects and rats [41]. The sequence 
homology found between these neuropeptides 
and proteins from some members of the intes-
tinal microbiota has suggested that the micro-
biota could influence their production and, 
therefore, eating behavior.

Gut microbiota composition also seems to 
be affected by stress and hormone production, 
which could affect energy balance. stress dur-
ing the late stages of pregnancy, associated with 
elevated plasma cortisol levels, led to reductions 
in fecal bifidobacterial counts [42]. Gut coloniza-
tion by the commensal microbiota has also been 
shown to affect the development of neural sys-
tems that govern the endocrine response to stress 
and, in particular, the hypothalamic-pituitary-
adrenal (HPa) reaction to stress. In germ-free 
mice higher plasma adrenocorticotropic hor-
mone (aCTH) and corticosterone elevation in 
response to restraint stress, was detected as 
well as reduced brain-derived neurotrophic fac-
tor (bdNF) expression levels in the cortex and 
 hippocampus relative to conventional mice [43]. 
Moreover, the exaggerated HPa stress response 
in germ-free mice was reversed by inoculation 
with Bifidobacterium infantis, while inoculation 
with enteropathogenic Escherichia coli enhanced 
the response to stress. Out of these secretions, 
bdNF deficiency has been associated with eating 
disorders and glucocorticoids also well-known 
for their critical role in metabolism. In particu-
lar, alterations in tissue-specific cortisol levels 
may influence lipogenic and gluconeogenetic 
pathways in fat and liver, associated with obes-
ity and development of insulin resistance [44]. 
Germ-free rats showed increased amounts of 
gastrin and serotonin-gastric immunoreactive 
cells in the gastric mucosa, serotonin and motilin 
immunoreactive cells in the ileum and serotonin-
immunoreactive cells in the colonic mucosa than 
conventional raised rats [45]. In the obesity field, 
it is well-known that the serotoninergic system 
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plays an important role in eating behavior in 
humans and has been considered a target for 
the development of obesity and type-2 diabetes 
drugs [46].

5. GuT MICroBIoTA ANd 
IMMuNE dySFuNCTIoN 

ASSoCIATEd wITh oBESITy

The innate immune system is able to differ-
entiate between harmful and harmless antigens 
mainly by their detection through pattern-
 recognition receptors (Prrs) of epithelial and 
innate immune cells (dendritic cells [dCs] 
and macrophages), such as Toll-like receptors 
(TLrs) [9]. In response to danger, TLr stimula-
tion leads to activating the transcription of dif-
ferent down-stream effector systems (e.g. NFkb 
system and mitogen-activated kinases) with 
production of pro-inflammatory cytokines (e.g. 
TNF-, IL-1, and IL-6) [47]. In contrast, com-
mensal bacteria maintain immune homeostasis 
by producing a transient activation of the NFkb 
cascade or its suppression by diverse mecha-
nisms, including induction of anti-inflammatory 
cytokines (e.g. IL-10) [9]. Toll-like receptors and 
derived cytokines also play a pivotal role in 
linking innate and adaptive immunity through 
exerting action on dendritic cells (dCs) and 
their interaction with T cells. These interactions 
influence the differentiation of T cells in differ-
ent subpopulations (Th1, Th2, IL-10-secreting  
T regulatory type 1 [Tr1] or Th17), which are 
required to ensure appropriate protective 
responses to infections and harmful antigens, 
without leading to overreactions and chronic 
inflammation [48].

scientific evidence has demonstrated that 
both the lipopolysaccharide (LPs) of Gram- 
negative bacteria and dietary saturated fatty 
acids can activate TLr4 inducing up-regulation 
of common intracellular inflammatory pathways, 
such as the c-Jun N-terminal kinase and NFkb 
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with secretion of pro-inflammatory cytokines 
and chemokines in adipocytes and macrophages, 
related to the induction of insulin resistance and 
increased adiposity [49]. Metabolic endotoxemia, 
characterized by an increase in serum LPs levels, 
has been demonstrated to be an inflammatory 
factor, causative of bodyweight gain, insulin 
resistance and diabetes in high fat fed animal 
models [26, 50]. In contrast, the inhibition of 
the gut microbiota by antibiotic administration 
(norfloxacin and ampicillin) in two different 
mouse models of insulin resistance resulted in 
reduced serum LPs levels, low grade inflamma-
tion, obesity and type-2 diabetes, demonstrating 
the link between the gut microbiota and certain 
metabolic disorders [24]. In humans, increased 
LPs serum levels of Chlamydia pneumoniae have 
also been associated with an elevated bMI [51].

Infiltration of macrophages with a pro- 
inflammatory phenotype (M1 cells) into the adi-
pose tissue is also associated with obesity, and 
their abundance is related to the level of insulin 
resistance in obese patients. In this context, micro-
bial stimuli involved in Th1 cytokine production 
are also thought to be able to divert macrophages 
into M1 cells that, unlike Th2 cytokine-polarized 
M2 cells, are a source of inflammatory signals.

Malfunction of dCs is also characteristic of 
obesity. In obese mice (ob/ob), dCs are less potent 
in stimulation of allogenic T cells in vitro and 
this is associated with secretion of immunosup-
pressive cytokines such as transforming growth 
factor beta (TGF-). The in vivo steady-state 
number of epidermal dCs was also increased 
and related to the absence of functional leptin 
[52]. In mice, transgenic for a T cell receptor spe-
cifically recognizing a peptide of ovalbumin, the 
specific T cell immune response was impaired 
under a high fat diet and the expression of this 
defect was different depending on whether  
T cells were naïve or antigen experienced [53]. 
spleen T cells from naïve high fat diet fed trans-
genic mice exhibited a strong inflammatory 
profile after in vitro ovalbumin stimulation, as 
shown by the markedly increased interferon 
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(IFN)-gamma/IL-4 ratio as compared to cells 
from standard diet fed mice. Inversely, spleen  
T cells from ovalbumin-immunized high fat diet 
mice were impaired in their antigen-dependent 
proliferation compared to cells from standard 
diet fed mice. Therefore, the findings indicated 
that naïve T cells could participate actively in 
the low-grade systemic inflammation observed 
in overweight patients. Moreover, the impaired 
activity of antigen experienced T cells could 
have major consequences in the defense against 
infection and vaccination [53]. Therefore, 
dCs and T cells may be sensitive to metabolic 
alterations, explaining the immunodeficiency 
associated with obesity [54]. In the light of this 
evidence, it has been suggested that probiotics 
and prebiotics with immunomodulatory prop-
erties could regulate the immune responses to 
control the low-grade inflammatory status and 
malfunction of the immune system associated 
with obesity and related metabolic disorders, 
reported in some in vivo studies discussed in the 
following sections.

6. proBIoTIC EFFECTS oN 
METABolIC ANd oBESITy 

BIoMArkErS in vivo

6.1. probiotic Effects on Metabolic and 
obesity Biomarkers in Animal Models

The pre-clinical studies carried out to evalu-
ate the affects of classical probiotic strains 
(Lactobacillus and Bifidobacterium), combined or not 
with prebiotics (synbiotics), on diverse metabolic 
parameters of conventional animals and animal 
models of obesity, insulin resistance and hyper-
cholesterolemia are summarized in Table 16.1.

Feeding rats with skim milk fermented by  
L. gasseri sbT2055 led to reductions in adipocyte 
size in mesenteric white adipose tissue, increased 
numbers of small adipocytes in mesenteric and 
retroperitoneal adipose tissues, and reduced 
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serum leptin concentrations when compared 
with control fed rats [55]. These results sug-
gested a role of the probiotic in the regulation of 
adipose tissue growth and probably in obesity 
[55]. L. acidophilus aTCC 4356 and 43121 super-
natants administrated into rat central nervous 
system led to a decrease in body weight of rats 
and an increase in the expression of leptin in 
specific areas of the brain and retroperitoneal 
adipose tissue [56]. a synbiotic treatment con-
sisting of a mixture of L. rhamnosus GG, B. lactis  
bb12, and inulin exerted an effect on plasma 
concentrations of two neuropeptides involved 
in gut physiology and satiety in conventional 
rats of different age [57]. This synbiotic treat-
ment increased the portal plasma concentrations 
of NPY (orexigenic) and PYY (anorexigenic) in 
adult rats; while in elderly animals, it decreased 
the NPY concentration. although this study was 
focused on the effects of this dietary supplement 
on the gastrointestinal tract functions (gastric 
emptying, acid secretion and gut motility), a role 
of neuropeptide modulation in eating behavior 
could not be disregarded.

dietary supplementation of high fructose-
induced diabetic rats with a probiotic product 
(dahi) containing L. acidophilus NCdC14 and 
L. casei NCdC19 delayed the onset of glucose 
intolerance, hyperglycemia, hyperinsulinemia, 
dyslipidemia, and oxidative stress [58]. The pro-
biotic fed group showed lower increases in sev-
eral metabolic biomarkers of diabetes risk (Table 
16.1), suggesting positive effects of the product 
on the evolution of this disorder and its compli-
cations [58]. In addition, the same probiotics were 
shown to increase the efficacy of the dahi product 
to suppress the progression of streptozotocin-
induced diabetes in rats by inhibiting depletion of 
insulin, diabetic dyslipidemia, lipid peroxidation 
and nitrite formation (Table 16.1) [59].

The effect of the probiotic product VsL#3, which 
consists of several Lactobacillus, Bifidobacterium 
and Streptococcus strains, and its mechanisms of 
action on diet-induced obesity, steatosis and insu-
lin resistance were evaluated in wild-type male 
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C57bL6 mice, which were fed either normal or 
high fat diets [60]. Oral probiotic treatment sig-
nificantly improved the insulin resistance, hepatic 
NKT cell depletion and hepatic steatosis induced 
by the high fat diet. This effect was NKT cell-
dependent, resulted from the attenuation of the 
TNF- and Ikb kinase inflammatory signaling, 
and led to an improved sensitivity in insulin sig-
naling [60].

L. acidophilus aTCC 43121 exerted positive 
effects on serum cholesterol and lipoprotein lev-
els in hypercholesterolemia-induced rats (Table 
16.1). In particular, the increase in the insoluble 
bile acid lithocholic acid was associated with 
reduced blood cholesterol levels in rats fed 
hypercholesterol diets supplemented with the 
probiotic. Overall, the positive affects of L. acido-
philus aTCC 43121 on cholesterol levels seemed 
to be due to its activity in the deconjugation and 
dehydroxylation of bile acids [47]. The admin-
istration of the probiotic L. paracasei NCC2461 
to germ-free mice colonized with human baby 
microbiota was shown to alter the host systemic 
lipid metabolism [61]. The probiotic supple-
mentation resulted in decreased plasma con-
centrations of VLdL and LdL lipoproteins and 
increased concentrations of hepatic triglycer-
ides. These affects were related to changes in the 
enterohepatic recirculation of bile acids, charac-
terized by increases in taurocholic and tauro--
muricholic acid recycling, possibly due to the 
relative inability of the human microbiota to 
deconjugate murine bile acids. It was suggested 
that the increased recycling of bile acids was 
associated with increased intestinal absorption 
of dietary lipids, reduced secretion of VLdL-
associated triglycerides and consequently accu-
mulation of lipids in the liver [61]. similarly, the 
administration of either L. paracasei NCC2461 or 
L. rhamnosus NCC4007 to the same mice model 
led to comparable changes in lipid metabolism 
and, apparently, stimulated glycolysis [62]. 
This probiotic supplementation was also asso-
ciated with significant reduction of acetate and 
butyrate in the cecal content and with reduced 
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TABlE 16.1 Effects of probiotics on body weight and metabolic biomarkers in animals

Probiotic/symbiotic/dose Animal model Duration Outcome

L. gasseri sbT2055 Fermented 
milk with 6  107 cfu/g.

Male sprague-dawley 
rats.

28 days ↓adipocyte size in mesenteric white 
adipose tissue

↑Numbers of small adipocytes in 
mesenteric and retroperitoneal adipo
tissues

↓serum leptin concentrations

L. acidophilus aTCC 4356 and 
43121 supernatants.

Male sprague-dawley 
rats.

1 injection in the 
central nervous 
system

↓body weight

↑Leptin expression in brain and 
retroperitoneal adipose tissue

L. rhamnosus GG and B. lactis 
bb12 (2.2  109 cfu each/g 
diet) and inulin (8%).

Male sprague-dawley 
rats.

21 days ↑Portal plasma NPY and PYY 
concentration in adult rats

↓Portal plasma NPY concentrations in
elderly rats

L. acidophilus NCdC14 and 
L. casei NCdC19 in dahi 
product (108 cfu/g).

High fructose-induced 
diabetic male Wistar 
rats.

8 weeks ↓blood glucose, glycosylated hemogl
plasma insulin, liver glycogen, plasm
total cholesterol, TaG1, LdL cholester
VLdL cholesterol, blood free fatty aci

↓Thiobarbituric acid-reactive substan

↑reduced glutathione in liver and 
pancreatic tissues

L. acidophilus NCdC14 and 
L. casei NCdC19 in dahi 
product (7.3  109 cfu/g).

streptozotocin (sTZ)-
induced diabetes in 
Wistar rats.

28 days ↓Incremental peaks and delayed redu
of insulin secretion during oral gluco
tolerance test

↓Oxidative damage in pancreatic tiss
by inhibiting the lipid peroxidation a
formation of nitric oxide

↑Glutathione content and activities o
superoxide dismutase, catalase and 
glutathione peroxidase

VsL#3 (B.breve, B. lactis2, L. 
acidophilus, L. plantarum, L. 
paracasei, L. bulgaricus and S. 
thermophilus) (1.5  109 cfu/
day).

Male C57bL6 mice with 
steatosis and insulin 
resistance induced by a 
high-fat diet.

28 days ↑Hepatic NKT cell numbers

↓Inflammatory signaling improving 
steatosis and insulin resistance
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TABlE 16.1 (Continued)

Probiotic/symbiotic/dose Animal model Duration Outcome

L. acidophilus aTCC 43121 
(2  106 cfu/day).

Hypercholesterolemia-
induced in sprague-
dawley rats.

21 days ↓Total serum cholesterol and
VLdL  IdL  LdL choleste

↑Total fecal acid sterols excre
↓Primary bile acids

↑secondary bile acids

L. paracasei NCC2461 
(108 cfu/day).

Female germ-free mice 
C3H colonized with 
human baby flora.

14 days ↓Plasma VLdL and LdL

↑Hepatic TaG

↓Glutathione

L. paracasei NCC2461 and  
L. rhamnosus NCC4007  
(108 cfu/day).

Female germ-free mice 
C3H colonized with 
human baby flora.

14 days ↓Plasma VLdL and LdL

↑TaG

↓Fecal excretion of bile acids

↓acetate and butyrate in the

↓acetate/propionate in the l

L. paracasei NCC2461 or  
L. rhamnosus NCC4007  
(108 cfu/day) with  
GOs3 (3%).

Female germ-free mice 
C3H colonized with 
human baby flora.

14 days ↓Propionate and butyrate in 
L. rhamnosus

↓Isobutyrate in cecum with L

↓Liver TaG

↑Glycogen with L. paracasei

L. rhamnosus GG (108 cfu/
day) with GOs2 (3%).

Female germ-free mice 
C3H colonized with 
human baby flora.

14 days ↓Hepatic lipids and serum li

↑Bifidobacterium and B. longu

1TaG, triacylglycerol.
2Previously labeled as B. longum and B. infantis.
3GOs, galactosyl-oligosaccharides.
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hepatic acetate:propionate ratio, related with the 
serum lipid lowering effects [62]. Furthermore, 
the combined administration of these probiotics 
with GOs in comparison with their individual 
administration to the same mice model indi-
cated that the prebiotic positively influenced 
hepatic lipids and exerted a stronger affect on 
the gut microbiota composition than the probi-
otics [63]. In particular, L. paracasei NCC2461 in 
combination with GOs led to the highest reduc-
tions in hepatic triglycerides and increases in 
hepatic amino acids and glycogen, suggesting 
increased gluconeogenesis and glycogenesis.  
L. rhamnosus NCC4007 in combination with GOs 
increased urinary taurine and creatine, suggest-
ing a higher muscular activity and possible 
changes in energy expenditure [63]. similarly, 
studies focused on the effects of GOs combined 
or not with L. rhamnosus NCC4007 on a human-
ized flora mice model have showed that synbi-
otic administration reduced the levels of plasma 
lipoproteins, hepatic triglycerides and kidney 
lipids [31]. The prebiotic seemed to be the main 
ingredient responsible for the reduction of 
 triglycerides in the liver, whereas the probiotic 
L. rhamnosus was the main one responsible for 
the decrease in plasma lipoproteins. The synbi-
otic also induced a remarkable stimulation of 
both growth and activity of bifidobacteria and, 
in particular, of B. longum [31]. Probiotic supple-
mentation also reduced ascorbate in the adrenal 
gland, which is an essential co-factor of catecho-
lamine biosynthesis, anti-oxidation and adrenal 
steroidogenesis and could be related to changes 
in lipoproteins and gluconeogenesis.

6.2. probiotic Effects on Biomarkers of 
Metabolic disorders in humans

The human clinical trials carried out to inves-
tigate the possible benefits of probiotic intake 
on serum lipids and cholesterol levels and, more 
recently, on blood pressure and glucose regula-
tion are summarized in Table 16.2.
d. PrObIOTICs
supplementation of hypercholesterolemic 
patients with the probiotic bacteria L. plantarum 
299v significantly lowered the serum concen-
trations of LdL cholesterol and fibrinogen [64]. 
a functional food product containing the same 
strain, L. plantarum 299v, was also shown to 
decrease different biomarkers of cardiovascu-
lar disease risk shown in Table 16.2 of heavy 
smokers. Monocytes isolated from the subjects 
treated with L. plantarum 299v also showed 
significantly reduced adhesion to native and 
stimulated human umbilical vein endothelial 
cells. Therefore, the probiotic product seemed to 
reduce cardiovascular disease risk factors [65]. 
The possible hypocholesterolemic affect of yogurt 
supplemented with L. acidophilus 145, B. longum 
913 and OFs in comparison with control yogurt 
was evaluated through a cross-over trial in 
women [66]. This trial included three periods (7 
weeks each): in the first period, control yogurt 
was administered to all 29 women; in the sec-
ond period, synbiotic yogurt was administered 
to 18 women and control yogurt to 11 women; 
and in the third period, the reverse of that in 
the second period was administered. although 
serum concentrations of total cholesterol and 
the LdL cholesterol were not influenced by the 
synbiotic, the HdL cholesterol concentration 
increased significantly and the ratio of LdL/
HdL cholesterol decreased [66]. In contrast, the 
administration of capsules containing L. fermen-
tum to subjects with elevated serum cholesterol 
did not lead to significant changes in total cho-
lesterol, HdL cholesterol, triglyceride or liver 
enzyme activities over time. Only LdL choles-
terol levels showed a modest downward trend 
on both probiotic and placebo groups [67]. 
similarly, the effect of the intake of capsules 
containing L. acidophilus dds-1 and B. longum 
UabL-14 and 10–15 mg OFs on plasma lipids 
of normocholesterolemic young women and 
men was evaluated [68]. In this study, plasma 
concentrations of total cholesterol, HdL choles-
terol, LdL cholesterol and triglyceride were not 
altered by consumption of synbiotic or placebo  
 aNd HeaLTH
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TABlE 16.2 Effects of probiotics on biomarkers of metabolic disorders in humans

Probiotic/symbiotic  
(dose/day)

Administration  
pattern/duration

Study-
design1

Outcome Reference

L plantarum 299 v 
(5.0  107 cfu/day 
fermented milk).

Hypercholesterolemic 
patients; heavy 
smokers/6 weeks.

Crdb

Crdb

↓Plasma LdL cholesterol 
and fibrinogen

↓systolic blood pressure, 
leptin and fibrinogen, 
F(2)-isoprostanes 
and interleukin 6 and 
cardiovascular risk

[64]

[65]

L. acidophilus 145 (1068  
cfu/g), B. longum 913 (at 
least 105 cfu/g) and 1%  
OFs4 in yogurt containing 
the starter cultures  
S. thermophilus and 
Lactococcus lactis (300 g/
daily).

Healthy women, 15 
normocholesterolemic and 
14 hypercholesterolemic; 
three periods of 7 weeks: 
(1) control for all/(2) and 
(3) control-symbiotic 
exchange.

CO ↑Plasma HdL cholesterol

↓LdL/HdL cholesterol 
ratio

Total cholesterol and LdL 
cholesterol Ns2

[66]

L. fermentum PCC 
(2  109 cfu/capsule; 2 cap/
day).

Hypercholesterolemic 
patients/10 weeks.

Cdb Plasma total cholesterol, 
HdL cholesterol, and TaG3 
or liver enzymes Ns

[67]

L. acidophilus dds-1 B. 
longum UabL-14 (109 cfu) 
plus OFs4 (10–15 mg) per 
capsule; 3 cap/day.

55 normocholesterolemic 
subjects; 2 months or 2 
menstrual cycles.

Crsb Plasma concentrations 
of total cholesterol, HdL 
cholesterol, LdL cholesterol 
and TaG Ns

[68]

L. rhamnosus GG and 
B. lactis bb12 (109 cfu 
each/day) plus dietary 
recommendations.

Intake by women 
from first trimester of 
pregnancy onwards.

Crdb/sb Highest and lowest intakes 
of specific nutrients 
associated with higher 
blood pressure in children 
of 6 months

[69]

L. rhamnosus GG and 
B. lactis bb12 (109 cfu 
each/day) plus dietary 
counseling.

Intake by women 
from first trimester of 
pregnancy onwards.

Crdb/sb ↓blood glucose 
concentrations

↑Glucose tolerance during 
pregnancy and over the 12-
month postpartum period

[70]

1C, placebo-controlled; r, randomized; db, double blind; sb, single blind trial; CO, cross-over.
2Ns, no significant effects.
3TaG, triacylglycerol.
4OFs, oligofructose (short-chain inulin-type fructan).
capsules [68]. Probiotic supplementation to 
pregnant mothers is also thought to influence 
the mother and infant metabolism and later 
health. Thus, the impact of maternal nutri-
tion together with probiotic supplementation  
(L. rhamnosus GG and B. lactis bb12) during 
d. PrObIOTIC
pregnancy on infant blood pressure was deter-
mined in a clinical trial, which included three 
pregnant women groups: the first followed a 
modified dietary intake according to current rec-
ommendations and probiotics (diet/probiotic), 
the second followed dietary recommendations 
s aNd HeaLTH
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and received placebo (diet/placebo), and the 
third received placebo (control/placebo) from 
the first trimester of pregnancy onwards [69]. 
The highest and lowest intakes of specific nutri-
ents, such as carbohydrates and monounsatu-
rated fatty acids, were associated with higher 
blood pressure in children at the age 6 months 
compared with the middle ones, suggesting that 
dietary counseling can promote child health by 
programming blood pressure. a similar inter-
vention study on the effects of probiotic sup-
plementation together with dietary counseling 
on glucose metabolism in pregnant women was 
conducted recently, leading to more conclusive 
results [70]. blood glucose concentrations were 
the lowest in the diet/probiotic group during 
pregnancy and over the 12-month postpar-
tum period. Glucose tolerance was also better 
in the diet/probiotic group compared with the  
control/placebo group during the last trimes-
ter of pregnancy and over the 12-month post-
partum period. The study suggests that dietary 
counseling with probiotics can improve blood 
glucose control in a normoglycemic population 
and, thus, may provide potential novel means 
for the prophylactic and therapeutic manage-
ment of glucose disorders [70].

7. prEBIoTIC EFFECTS oN 
METABolIC ANd oBESITy 

BIoMArkErS in vivo

7.1. prebiotic Effects on Metabolic and 
obesity Biomarkers in Animal Models

a number of reports have shown that some 
prebiotics play beneficial roles in weight manage-
ment and biomarkers of metabolic disorders in 
conventional and several animal models (Table 
16.3). Most studies have focused on the evalua-
tion of inulin-type fructans (inulin and OFs) and, 
lately, of GOs. The beneficial effects of prebiotics 
have been mainly explained by their ability to 
d. PrObIOTICs 
regulate lipid metabolism, glycemia, low-grade 
inflammation, and peptide hormones controlling 
hunger and satiety. These beneficial roles are 
partly due to the ability of prebiotics to modify 
the gut microbiota composition and its associ-
ated functions in immunity and metabolism.

Overall, the administration of inulin-type 
fructans has been shown to decrease serum lip-
ids, liver lipids (steatosis), fat mass development 
and food intake in normal and in obese rats, mice 
and hamsters; and to exert antidiabetic and anti-
inflammatory affects in streptozotocin-treated 
rats and high fat fed mice [71]. doses of 10% inu-
lin-type fructans on a weight basis have generally 
been effective on animal studies, although the 
effect varied depending on the prebiotic type, diet 
and animal model (Table 16.3).

In diverse animal models (fat fed rats/ham-
sters, apolipoprotein e-deficient mice and obese 
[cp/cp] corpulent rats, lacking a functional lep-
tin receptor), inulin-type fructans primarily 
regulate serum lipids by decreasing triglyc-
eridemia, in the fasted and/or the postpran-
dial state, together or not with cholesterolemia 
[72–74]. The hypotriglyceridemic effects of 
inulin-type fructans seem to be due to a reduc-
tion in de novo fatty acid synthesis in the liver 
by a reduced gene expression and activity of 
lipogenic enzymes and lower hepatic secretion 
rate of VLdL-triacylglycerol, while repression 
of lipogenesis is not observed in adipose tis-
sue [75]. The decrease in plasma cholesterol has 
been attributed either to the ability of the pro-
pionic acid generated by the gut microbiota to 
inhibit cholesterol synthesis, to bacterial modi-
fications in the bile acid metabolism leading to 
impaired re-absorption of circulating bile acids, 
or to the steroid-biding properties of the prebi-
otics, leading its fecal excretion [76]. In other 
models, such as in obese fa/fa Zucker rats, hav-
ing a leptin receptor defect, administration of 
inulin-type fructans reduced hepatic steatosis, 
without affecting postprandial triglyceridemia, 
probably due to a reduced availability of non-
esterified fatty acids coming from adipose 
aNd HeaLTH
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TABlE 16.3 Prebiotic effects on metabolic and obesity biomarkers in animal models

ebiotic Animal model Dose /duration Outcome

ulin Male golden syrian 
hamsters fed a high fat 
and cholesterol diet.

8, 12 or 16/100 g diet for 5 weeks ↓Plasma cholesterol all dos

↓VLdL-cholesterol at 16%

↓Plasma TaG1 at 12–16%

↓Hepatic cholesterol at 8%

ulin/OFs2/inulin 
us OFs

Male apo e-deficient 
mice.

10 g/100 g diet for 16 weeks ↓Plasma cholesterol with in

↓Plasma TaG with all fruct

↓Hepatic cholesterol with i
inulin-OFs

↓Hepatic TaG with all

ulin /inulin plus 
gh protein

Obese (cp/cp) male James 
C. russell corpulent (JCr:
La-cp) rats.

9 g/100 g diet for3 weeks ↑GLP-1 secretion

↓Plasma glucose

↓Plasma TaG

↓Plasma cholesterol

Fs Obese (fa/fa) Zucker rats. 10 g/100 g diet for 7 weeks ↓Hepatic TaG

↓Fat mass development me
epididymal fat mass

↓body weight slightly

Fs Obese (fa/fa) Zucker rats. 10 g/100 g diet for 8 weeks ↓Hepatic TaG

↓energy intake and body w

Fs Male Wistar-Han rats fed 
a high fructose diet.

10 g/100 g diet for 4 weeks ↓Plasma leptin

↓Hepatic TaG

ulin Male Wistar rats fed a 
high fat/high sucrose 
diet.

5 g/100 g diet for 8 weeks ↓Plasma TaG and fatty aci

↓Plasma glucose

↓Hepatic TaG and fatty ac
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Inulin/OFs /inulin 
plus OFs

Wistar rats. 10 g/100 g diet for 16 weeks ↓elevated blood pres

↓Heart peroxidation a
damages

↓Plasma TaG

OFs streptozotocin-treated 
diabetic male Wistar rats.

10 g/100 g diet for 6 weeks ↓Food intake

↑Glucose tolerance an
secretion

↑Portal and colonic G

OFs High fat diet fed male 
C57bl6/J mice.

10 g/100 g diet for 4 weeks ↓energy intake, epidi
and body weight gain

↓Glycemia

↑Colonic proglucagon

↑Insulin secretion

OFs High fat fed male 
C57bl6/J mice.

10 g/100 g diet for 14 weeks ↓endotoxemia, plasm
tissue pro-inflammato

↑Glucose tolerance an
induced insulin secre

OFs ob/ob mice C57bL/6. 10 g/100 g diet for 4 weeks ↓Intestinal permeabil

↓Inflammatory marke
cyokines, etc.)

↑Portal plasma GLP-2
the jejunum and colo
proglucagon mrNa

GOs3 Germ-free mice plus 
human baby microbiota.

3 g/100 g diet for 2 weeks ↓Hepatic and kidney 

1TaG triacylglycerol.
2OFs, oligofructose (short-chain inulin-type fructan).
3GOs, galactosyl-oligosaccharides.
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 tissue, since fatty mass and body weight were 
reduced [77, 78]. In addition, positive effects on 
liver triglycerides (steatosis) have been reported, 
for instance, in conventional rats fed a high-
fructose diet and a high fat/high sucrose diet  
[79, 80]. The affects of inulin-type fructans on 
hepatic lipids were related to their fermentation 
products derived from the metabolic activity of 
the gut microbiota, which led to increased cecal 
and portal vein concentrations of propionate 
in rats fed fructans compared with controls. In 
hepatocytes isolated from liver of Zucker rats, it 
was shown that propionate, at the concentrations 
measured in the portal vein of rats treated with 
fructans, selectively decreased the incorporation 
of acetate into total lipids, a phenomenon that 
could contribute, along with the lower energy 
intake, to less triglyceride accumulation in the 
liver [78]. In some studies, administration of inu-
lin has also led to both reductions in total serum 
cholesterol and hepatic cholesterol content, for 
instance in apoe-deficient animals [73] and fat 
and cholesterol fed hamsters [72]. In general, the 
effects of long-chain inulin on lipid metabolism 
and associated disorders (e.g. atherosclerosis 
risk) seem to be more potent than those of OFs 
[73]. In diverse animal models, fructan feeding 
also led to reductions in fat mass development 
and body weight for long treatments [77]. 

Inulin-type fructans also show beneficial 
effects against common features of metabolic 
syndrome and type-2 diabetes [81]. In fructose-
fed rats, which constitute a model of metabolic 
syndrome, inulin supplementation and the com-
bination of OFs and inulin supplementation pre-
vented fructose-induced elevated blood pressure, 
susceptibility to heart peroxidation and renal 
damages. Moreover, inulin, OFs and the com-
bination of OFs and inulin prevented fructose-
induced hypertriglyceridemia. Therefore, dietary 
supplementation with inulin-type fructans was 
efficient against fructose-induced hyperten-
sion and the effects were most pronounced for  
long-chain inulin and its combination. The anti-
hypertensive effect of inulin could be explained 
d. PrObIOTIC
by the reduction of the high fructose-induced 
oxidative stress [81]. In the streptozotocin-treated 
rat, OFs intake also lowered postprandial glyc-
emia and partially restored insulin secretion [82]. 
In high fat diet fed mice, supplementation with 
OFs also reduced body weight, epididymal fat 
mass and glycemia [83]. Improvements in glu-
cose tolerance resulting from OFs consumption 
have been explained by the roles of fructans in 
lipogenesis and its relation to glucose and insu-
lin levels, as well as by their effects on expres-
sion of anorexigenic peptides, such as GLP-1 
[82]. In particular, the fermentation products of 
OFs promoted L cell differentiation in the proxi-
mal colon leading to an increase of GLP-1 level 
in the portal vein and its precursor, proglucagon 
mrNa, in the proximal colon, which promotes 
satiety [71]. OFs was also able to modulate other 
gastrointestinal peptides (such as PYY and ghre-
lin) that could be involved in the control of food 
intake in rats. Moreover, the administration of 
OFs to high fat fed mice increased the intesti-
nal Bifidobacterium numbers and normalized the 
endotoxemia associated with the high fat diet 
[26]. Bifidobacterium numbers significantly and 
positively correlated with improved glucose 
tolerance, glucose-induced insulin secretion 
and normalized inflammatory tone (decreased 
endotoxemia, and plasma and adipose tissue 
pro-inflammatory cytokines). Furthermore, the 
administration of OFs to genetically obese mice 
(ob/ob) has been shown to induce specific changes 
in the gut microbiota characterized by increases 
in Lactobacillus, Bifidobacterium, and C. coccoides-E.  
rectale groups, which led to reductions in intes-
tinal permeability and to an improvement in 
tight-junction integrity and inflammatory mark-
ers (plasma LPs and cytokines and decreased 
hepatic expression of inflammatory and oxida-
tive stress markers [84]. These effects were associ-
ated with increases in portal plasma GLP-2 levels 
and its precursor (the proglucagon mrNa), in 
the jejunum and colon. Thus, the results dem-
onstrated that gut microbiota participates to the 
inflammatory phenotype of ob/ob mice and that 
s aNd HeaLTH
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TABlE 16.4 Prebiotic effects on metabolic disorders and obesity biomarkers in hum

Prebiotic Subjects/dose and duration Study-
design1

Outcome

Inulin Healthy subjects, non-obese, 10 g/day 
for 3 weeks.

Crdb

CO

↓Plasma TaG

↓Hepatic lipogenesis

Plasma cholesterol Ns2

OFs3 subjects with hypercholesterolemia, 
10.6 g/day for 2 months.

Crdb

CO

↓Postprandial insulin response

Lipids Ns

OFs Patients with non-alcoholic 
steatohepatitis, 16 g/day for 8 weeks.

Crdb

CO

↓serum aminotransferases and aspart
aminotransferase

Plasma lipids Ns

Lactulose and 
rhamnose

Healthy men, 25 g/d for 4 weeks. Cr

CO

↓Plasma TaG

Plasma cholesterol Ns

GOs4 and 
lcOFs5 (9/1)

Infants till 6 months of age, 
0.6 g/100 mL.

Crdb Plasma cholesterol and LdL-cholester

OFs Healthy, 20 g/day for 4 weeks. db CO ↓basal hepatic glucose production

Insulin-stimulated glucose metabolism

OFs Type 2 diabetics, 20 g/day for 4 
weeks.

db Glucose and lipids Ns

OFs Healthy, non-obese subjects 21–39 
years, 16 g/day for 2 weeks.

Crsb ↑satiety following breakfast and dinn

↓reduces hunger and prospective foo
consumption following dinner

OFs Healthy, non-obese subjects , 9–3 
years, 8 g/day for 12 months.

↓Increase in body mass index (bMI), b
Z-score and total fat mass

1C, placebo-controlled; r, randomized; db, double blind; sb, single blind trial; CO, cross-over.
2Ns, no significant effects.
3OFs, oligofructose (short-chain inulin-type fructans).
4GOs, galactosyl-oligosaccharides.
5lcFOs, long-chain inulin-type fructans.
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prebiotic-induced changes in the gut microbiota 
contribute to the improvement of the gut barrier 
function during obesity and diabetes [84].

More recently, the effects of another classical 
prebiotic, GOs, on lipids and glucose metabolism 
have been evaluated in animals. In germ-free 
mice colonized by human baby microbiota, the 
administration of GOs for 2 weeks also led to 
increases in B. longum, B. breve and B. distasonis 
in the jejunum and feces, while E. coli and C. per-
fringens counts were reduced in feces. Prebiotic 
supplementation also led to reductions of lipids 
in the liver and kidney, but not in blood plasma 
lipoproteins. The effects on hepatic lipids were 
related to the ability of prebiotics to reduce the 
hepatic lipogenic enzyme activity and incorpora-
tion of triacylglycerol into nascent lipoproteins as 
well as to reduce postprandial insulinemia and 
glycemia [31]. Prebiotic supplementation also 
led to increases of pancreatic (phosphocholine, 
betaine, dimethylglycine and sarcosine), and liver 
(choline and betaine) metabolites, which suggest 
higher betaine synthesis from choline and stimu-
lated transmethylation in the methionine cycle, 
evidenced by reduced levels of cysteine in the 
pancreas. This alteration of transmethylation met-
abolic pathways (homocysteine-betaine) could be 
of interest to the control of metabolic disorders 
due the role of homocysteine in insulin release 
and pancreatic  cell function in diabetes [31].

7.2. prebiotic Effects on Metabolic and 
obesity Biomarkers in humans

In humans, inulin-type fructans have been 
generally found to be effective on normalization 
of metabolic disorder biomarkers at doses of 
10–20 g/day, although the results have not been 
as consistent as those reported in animals [74].

In general, human studies demonstrate that 
prebiotics can reduce triglyceridemia and to a 
lesser extent cholesterolemia. The effects of inu-
lin seemed to be more consistent than those of 
OFs and, specially, in a situation of increased 
d. PrObIOTICs 
liver-lipogenesis (high carbohydrate diet) and 
hyperlipidemia. supplementation with inulin to 
subjects under a moderately high carbohydrate, 
low fat diet has been shown to exert a beneficial 
affect on plasma lipids. In particular, healthy 
subjects submitted to this intervention showed 
decreased hepatic lipogenesis and plasma tria-
cylglycerol concentrations, suggesting an effect 
on the reduction of atherosclerosis risk factors 
[85]. OFs intake also led to slight significant 
effects on postprandial insulin response, but 
not on lipid metabolism in individuals with 
mild hypercholesterolemia [86]. Ingestion of 
OFs decreased serum aminotransferases and 
aspartate aminotransferase in seven patients 
with non-alcoholic steatohepatitis, suggesting 
a putative interest in the management of liver 
diseases; however, this intervention only caused 
a slight decrease in plasma triacylglycerol con-
centrations [87]. Lactulose, which increases 
colonic acetate production, and L-rhamnose, 
which increases propionate, have been shown 
to decrease serum triacylglycerols, but did 
not affect serum cholesterol concentrations in 
healthy men [88]. an infant formula containing 
GOs and long-chain fructo-oligosaccharides in 
a ratio of 9:1, did not exert significant effects on 
total cholesterol and LdL cholesterol in infants 
compared with those receiving a control infant 
formula [89].

Prebiotic effects on glucose metabolism, sati-
ety and body weight have also been evaluated 
in humans, showing moderate positive results 
that seem to depend on the metabolic status 
of the human subjects (health or diabetic). For 
instance, a daily consumption of 20 g fructo- 
oligosaccharides decreased basal hepatic glu-
cose production in healthy subjects, without any 
affect on insulin-stimulated glucose metabolism 
[90]. However, this prebiotic had no affect on 
glucose and lipid metabolism in type 2 diabet-
ics [91]. In a pilot study with 10 human subjects, 
OFs treatment also increased satiety follow-
ing breakfast and dinner, reduced hunger and  
prospective food consumption following dinner 
aNd HeaLTH
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[92]. a long-term study (12 months) including 
100 subjects, showed that subjects who received 
the prebiotic supplement had a smaller increase 
in bMI, bMI Z-score and total fat mass, com-
pared with the control group [93].

8. CoNCluSIoN

scientific evidence has demonstrated an 
association between the composition of the gut 
microbiota and body weight, which is under 
the influence of the diet and the lifestyle. The 
use of systems biology, together with metage-
nomic and metabolomic approaches, have 
also revealed a large number of roles possibly 
played by the gut microbiota in the metabolic 
and immune dysfunction associated with obes-
ity. On this basis, the use of dietary strategies 
targeting the gut ecosystem has emerged as an 
additional tool to control metabolic disorders. 
so far only a few trials have demonstrated that 
the administration of probiotics, prebiotics and 
their combination (synbiotics) exerts moderate 
positive effects in vivo. Nevertheless, the find-
ings indicate that advances in this field could 
be of value in improving the intervention strate-
gies to treat and prevent obesity and its associ-
ated metabolic disorders. The future success of 
these strategies will entirely depend on a bet-
ter understanding of the complex interactions 
taking place between the human genome, the 
microbiome and the diet.
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C H A P T E R
1. IntRodUCtIon

Helicobacter pylori (H. pylori) is a Gram-negative 
bacteria, which may be considered as one of the 
most common infectious agents of the GI tract. 
While there is evidence that the Helicobacter spe-
cies are ancient inhabitants of the human stom-
ach that have co-evolved with the host—thus 
developing an excellent adaptation to humans—
several studies have shown a direct role of  
H. pylori in specific gastroduodenal diseases, 
such as chronic gastritis and peptic ulcer. In some 
patients it may also cause MALT-lymphoma  
and gastric cancer. Furthermore, there is also 
evidence that H. pylori may play a role in dif-
ferent non-gastric diseases, such idiopathic 
thrombocytopenic purpura and sideropenic 
anemia, while several other diseases are now 
under investigation. Helicobacter pylori-positive 
patients may undergo eradicating treatment, 
following the Maastricht III criteria, consisting 
of a combination of antibiotics, such as amoxi-
cillin or metronidazole and clarithromycin in 
the first line, and amoxicillin and levofloxacine 
in the second line, together with proton pump 
inhibitors. Interestingly, those antibiotics also 
have a strong impact on intestinal ecoflora [1].
25Bioactive Foods in Promoting Health: Probiotics and Prebiotics 
Intestinal ecoflora, together with the mucosal 
barrier and local immune system, are responsi-
ble for the integrity and regular function of the 
entire gastrointestinal tract. In particular, they are 
involved in the modulation of several metabolic 
activities such as the proliferation and differen-
tiation of mucosal epithelial cells, the regulation 
of bowel motility, the synthesis of substances 
including vitamins and secondary biliary acids, 
and eventually the regulation of the local and 
systemic immune systems [2]. In normal adults, 
microbial ecoflora are composed of a mixture of 
aerobic bacteria (Streptococcus spp., Enterococcus 
spp., Staphylococcus spp., Enterobacteriaceae), 
anaerobic bacteria (Peptostreptococcus spp., 
Bifidobacterium spp., Lactobacillus spp., Clostridium 
spp., Eubacterium spp., Bacteroides fragilis) and 
yeasts (Saccharomyces spp.) [2].

Probiotics are defined as live, non-pathogenic 
microbial feeds, or food supplements that exert a 
positive influence on the host by altering his/her 
microbial balance [3, 4]. Many microorganisms 
have been used or considered for use as probiot-
ics. A microorganism can be considered for clini-
cal application when, while innocuous, alive, 
and metabolically active, it is able to withstand 
the host’s natural barriers [5]. Different bio-
logic effects have been described for probiotics,  
9 © 2010, Elsevier Inc. All rights reserved.
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including the synthesis of antimicrobial sub-
stances such as organic fatty acids, ammonia, 
hydrogen peroxide, and bacteriocins, the com-
petitive interaction with pathogens for ‘space 
and food,’ through the use of available nutrients 
and occupation of microbial adherence sites, the 
modification of toxins or toxin receptors, partial 
sugar digestion, and finally, immunomodula-
tion [2–5]. Immunomodulation, in particular, is 
achieved through adjuvant-like effects on intesti-
nal and systemic immunity, the enhancement of 
specific serologic antibody response, and a bal-
ance in the generation of pro- and anti-inflam-
matory cytokines [5]. The most commonly used 
probiotics in clinical practice, besides those best-
studied, include lactic acid-producing bacteria, 
such as Lactobacillus spp. and Bifidobacterium 
spp., Bacillus spp. and other species such as 
Escherichia coli, Saccharomyces boulardii, and 
Streptococcus thermophilus [3–6].

Probiotics may thus play an important role in 
contrasting some GI infectious agents, including  
H. pylori. In particular, probiotics have been 
described to interact with H. pylori in different 
ways by:
l contrasting directly and indirectly with an  

H. pylori infection;
l influencing the GI changes induced by the 

administration of the H. pylori eradicating 
treatment;

l improving patients’ compliance to 
eradicating therapy through the reduction of 
the incidence of antibiotic-related side effects;

l modulating H. pylori-induced inflammation;
l restabilizing a normal GI environment.

2. EffECt of pRobIotICs  
on H. pylori

The majority of the studies performed in 
this field involve lactobacilli or their metabolic 
products, because of their ability to adhere to 
D. ProbIoTIcs
the gastric mucosa and even transiently reside 
in the stomach. In fact, lactobacilli are predomi-
nant bacteria in the normal stomach of fasting 
subjects, where they may reach a concentration 
ranging from 0 to 103 cfu/mL of fluid [2]. The 
role of exogenous lactobacilli in patients with  
H. pylori infection has been widely studied.

In particular, Michetti et al. [7] tested the abil-
ity of the Lactobacillus acidophilus (johnsonii) La1 
culture supernatant to down-regulate H. pylori 
infection. Interestingly, La1 culture superna-
tant has been shown to inhibit H. pylori growth  
in vitro. Moreover, treatment of H. pylori-infected 
subjects with a drinkable, whey-based La1 cul-
ture supernatant interferes with H. pylori infec-
tion as demonstrated by a significant reduction 
in urea breath test delta oven baseline values. In 
a similar study, coconnier et al. [8] showed the 
in vitro and in vivo effects of a culture superna-
tant of L. acidophilus strain Lb, against H. pylori, 
which were independent of pH and lactic acid 
levels. These findings may lead to the following 
conclusions:

l Although the most relevant antibacterial 
mechanism of action seems to be acid 
production, some strains of lactobacilli may 
also exert different antimicrobial effects;

l The anti-H. pylori activity is extremely strain 
specific, as L. acidophilus Lb was more active 
than Lactobacillus GG, and L. johnsonii La1 
more than La10 [7, 8].

This concept was also explored by Lorca et al. 
who tested the effect of 17 different Lactobacillus 
strains on H. pylori activity. The results from this 
study confirmed that the general bactericidal 
effect shown by lactobacilli is the result of acid 
production but there are some strains, such as  
L. acidophilus crL 639, which shows other 
specific anti-H. pylori activities, including 
the release of a proteinaceous compound [9]. 
Another study by Kabir et al. [10] demonstrated 
that Lactobacillus salivarius Wb 1004 may inhibit 
the attachment of H. pylori to both murine and 
human gastric epithelial cells and reduces IL-8  
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release in vitro. They also showed in a gnotobi-
otic murine model, that L. salivarius is able to 
offer after-protection from an H. pylori infec-
tion and contrasts the colonization of the gastric 
mucosa sustained by H. pylori. In a similar study, 
the same authors examined the ability of dif-
ferent Lactobacillus species to suppress H. pylori 
infection either in vitro or in vivo. Interestingly, 
L. salivarius, but not Lactobacillus casei or L. acido-
philus, has been shown to produce large amounts 
of lactic acid inhibiting H. pylori [11].

concerning Lactobacillus reuteri, Mukai et al. 
[12] showed that selected strains of this probiotic 
(JcM1081 and TM105) may be able to hinder  
H. pylori binding to its putative glycolipid recep-
tors (asialo-GM1 and sulfatide), suggesting a 
possible use of these strains as probiotics. some 
specific probiotics may also exert their antibac-
terial activity via the production of antibiotic 
compounds. This is the case with Bacillus subti-
lis, which has been shown to produce, in vitro, 
at least two antibiotics (one was named ami-
coumacin), which are able to inhibit H. pylori 
growth, independently of pH or organic acid 
concentration [13]. based on all of the previ-
ously mentioned observations, some researchers 
attempted to find a clinical application for pro-
biotics in the management of patients undergo-
ing anti-H. pylori eradication treatment.

It is known that fermented milk product-
based probiotic preparations potentially improve 
H. pylori eradication rates by approximately 10%. 
The impact on the treatment-associated adverse 
effects is, however, heterogeneous.

In a study conducted by Felley et al. [14], 
the treatment of H. pylori-positive patients with  
L. johnsonii La1-acidified milk (Lc-1) and clari-
thromycin induced a decrease in H. pylori den-
sity, inflammation, and gastritis activity, but did 
not improve the eradication rate.

based on previous results, showing that 
Lactobacillus gasseri oLL 2716 (LG21) is able to 
bind to gastric epithelium and to resist gastric 
acidity, sakamoto et al. [15] selected this strain to 
be used in humans infected by H. pylori. In this 
D. ProbIoTIcs
study, L. gasseri oLL 2716 showed a suppression 
of H. pylori and a reduction of gastric inflamma-
tion as assessed by the serum pepsinogen levels 
and the results of 13c-urea breath test. Another 
study conducted by our group demonstrated the 
efficacy of adding a lyophilized and inactivated 
culture of L. acidophilus Lb to a standard triple 
anti-H. pylori therapy. In particular, we observed 
a significant improvement in the eradication 
rates obtained both in intention to treat (ITT) and 
per-protocol analysis [16]. similar results were 
obtained by sheu et al. [17] by adding Lactobacillus 
and Bifidobacterium-containing yogurt to the regi-
men but this effect was only limited to the ITT 
analysis. Mi na Kim et al. [18] demonstrated that 
the addition of a yogurt containing Lactobacillus 
acidofilus, L. casei, Bifidobacterium longum and 
Streptococcus thermophilus did not reduce the side-
effects of standard triple therapy but increased  
H. pylori eradication rate by PP analysis.

3. EffECts of pRobIotICs 
on gastRIC fUnCtIon and 

IMMUnoModUlatIon

Verdu et al. [19] investigated the role of 
probiotics in the recovery of gastric function 
and behavioral changes after chronic H. pylori 
infection. Mice were infected with H. pylori for  
4 months and then treated with antibiotics or 
placebo for 2 weeks. Animals then received 
probiotics (Lactobacillus rhamnosus r0011 and 
L. helveticus r0052) or placebo for 2 weeks. 
Gastric emptying, feeding behavior and intes-
tinal permeability were assessed in all animals. 
Interestingly, probiotics accelerated the recov-
ery of paracellular permeability and delayed 
gastric emptying, improved the cD3 cell 
counts, and normalized altered post-eradication  
feeding patterns.

Another example of probiotic-induced 
immunomudulation derived from the study of 
Li Zhang et al. [20] in which the authors studied  
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H. pylori-infected c57bL/6 mice treated with 
L. casei L26, B. lactis b94, or no probiotics for 
5 weeks, in order to test the inflammatory 
response, the local cytokine profile, and the 
humoral immune response to H. pylori infec-
tion. In particular, the level of IL-1 was signifi-
cantly reduced in gastric tissues of mice treated 
with either L. casei L26 or B. lactis b94, when 
compared to controls, thus suggesting that both 
L. casei L26 and B. lactis b94 are able to reduce 
H. pylori-associated gastric inflammation. These 
findings suggest that the reduction in gastric 
inflammation resulted from an immune modu-
latory effect by L. casei L26 and B. lactis b94, 
rather than a direct inhibition of H. pylori. The 
finding that there was a significant increase in 
IL-10 levels in the gastric tissues of mice treated 
with both L. casei L26 and B. lactis as compared 
with the control mice, would support the above 
view, given that IL-10 has been shown to inhibit 
the production of IL-1, IL-6, IL-8, and tumor 
necrosis factor (TnF)- in human monocytes 
and PMn [21, 22]. The suggestion that probiot-
ics may reduce inflammation through immune 
modulation is further supported by a study 
from sgouras et al. [23] in which they showed 
that Lactobacillus johnsonii La1 reduced levels 
of macrophage inflammatory protein 2 (MIP-2, 
a homologue to human IL-8) in mice infected 
with H. pylori without a significant reduction in 
H. pylori colonization.

Myllyluoma et al. [24] characterized four pro-
biotics and their combination in terms of patho-
gen adhesion, barrier function, cell death, and 
inflammatory response in H. pylori-infected epi-
thelial cells. H. pylori-infected caco-2 cells were 
pretreated with Lactobacillus rhamnosus GG, 
Lactobacillus rhamnosus Lc705, Propionibacterium 
freudenreichii subsp. shermanii Js, Bifidobacterium 
bb99, or all four organisms in combination. 
Interestingly, all probiotics inhibited H. pylori  
adhesion and the combination inhibited  
H. pylori-induced cell membrane leakage.  
L. rhamnosus GG, L. rhamnosus Lc705, and the 
combination initially improved epithelial barrier  
D. ProbIoTIcs
function but increased the H. pylori-induced 
barrier deterioration after incubation for 24 to 
42 hours. L. rhamnosus GG, L. rhamnosus Lc705, 
and P. freudenreichii subsp. shermanii Js inhib-
ited H. pylori-induced IL-8 release, whereas  
L. rhamnosus GG, L. rhamnosus Lc705, and  
B. breve bb99 suppressed PGe2 release. none of 
these anti-inflammatory effects persisted when 
the probiotics were used in combination. The 
combination thus increased the levels of IL-8, 
PGe2, and LTb4 released from H. pylori-infected 
epithelial cells.

Furthermore, other studies showed how 
lactobacilli may inhibit IL-8; In particular, 
Lactobacillus bulgaricus (LbG) or Lactobacillus 
bulgaricus supernatant (LbG-s) significantly 
attenuated the expression of TLr4, inhibited 
the phosphorylation of TAK1 and p38MAPK, 
prevented the activation of nFb, and conse-
quently blocked IL-8 production.

4. EffECt of pRobIotICs on 
antI-H. pylori antIbIotIC-

RElatEd sIdE EffECts

It is known that the occurrence of some GI 
adverse events during anti-H. pylori therapy, 
mostly attributed to the use of antibiotics in 
moderate to high doses, may affect patients’ 
compliance, reducing the proper performance 
of the therapy. even though there is substantial 
evidence that some of these symptoms such as 
bloating, diarrhea, or constipation are directly 
related to a qualitative or quantitative alteration 
of the intestinal microecology, little is known 
about the link between bowel microbial bal-
ance and other common adverse events, such 
as taste disturbance. Anyway, the imbalance of 
the intestinal microenvironment during antibi-
otic therapies seems to be related to the perma-
nence of unabsorbed or secreted drugs in the 
intestinal content, causing a reduction of normal 
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saprophytic flora and overgrowth of potentially  
pathogenic antibiotic-resistant indigenous strains  
[25, 26]. The occurrence of these adverse events 
may then induce patients to discontinue the 
treatment, thus leading to eradication failure, and 
possibly increasing the risk of creating antibiotic-
resistant strains. As a result, new strategies have  
been applied to increase the tolerability of  
H. pylori eradication therapies, which also include 
the use of probiotics [27]. Different studies have 
been reported in this field, even comparing the 
effect of single strains versus multistrain prepa-
rations. In particular, an open trial performed by 
our group in which H. pylori-infected patients 
received Lactobacillus GG, in addition to anti-H. 
pylori standard triple therapy, resulted in a reduc-
tion of both incidence and intensity of the main 
gastrointestinal antibiotic-related adverse events 
[28]. Afterwards, the efficacy of improving treat-
ment tolerability by adding a Lactobacillus GG 
preparation during and after standard triple ther-
apy, in a double blind placebo-controlled study 
was confirmed. In this study, in fact, diarrhea, 
nausea, and taste disturbance were signifi-
cantly reduced in the group supplemented with 
Lactobacillus GG [29]. (relative risk  0.1, 95% 
cI: 0.1–0.9; relative risk  0.3, 95% cI: 0.1–0.9; 
relative risk  0.5, 95% cI: 0.2–0.9, respectively). 
Moreover, an overall assessment of treatment tol-
erability showed a significant difference in favor 
of the group supplemented with Lactobacillus GG.  
In another study, H. pylori-positive asymptomatic 
patients were randomized to receive probiotics 
(Lactobacillus GG or S. boulardii or a combination 
of Lactobacillus spp. and bifidobacteria) or a pla-
cebo, both during a standard triple therapy and 
7 days afterward. Despite an H. pylori eradica-
tion rate that was almost identical in the probi-
otic and placebo groups, a significantly lower 
incidence of diarrhea and taste disturbance was 
observed in all probiotic supplemented groups 
during the eradication week. overall assess-
ment of tolerability was significantly better in 
the actively treated patients than in the placebo 
group. Interestingly, the efficacy of probiotic  
D. ProbIoTIcs
supplementation on adverse events during  
anti-H. pylori regimens seemed to be independ-
ent of the probiotic species used [30]. A reduced 
occurrence of epigastric pain, diarrhea, and nau-
sea in previously asymptomatic H. pylori-infected 
patients undergoing standard triple-eradication  
therapy was also described in patients who 
received a supplementation of Bacillus clausii 
for 2 weeks, although similar results were also 
reported for S. boulardii and L. casei [31–33]. 
Finally, there are also some preliminary and 
unpublished data from our group on the effect  
of the supplementation with a combination of 
two different prebiotics such as inulin and butyric 
acid in patients undergoing H. pylori eradicat-
ing treatment, which caused a decrease in some 
 antibiotic-related gastrointestinal side effects.

5. ConClUsIons

both in vitro and in vivo data support the  
use of probiotics in H. pylori infection [34, 35].  
In particular, probiotics may act in differ-
ent ways: by direct competition with H. pylori, 
by decreasing of gastric inflammation, or by 
improving patients’ compliance to therapy, 
thanks to the reduction of the incidence of anti-
biotic-related side effects. Although a direct 
effect against H. pylori has been described, it 
is only supported by animal studies or in vitro 
data and therefore probiotics cannot be consid-
ered as an alternative to standard anti-H. pylori 
treatment. on the other hand, several studies 
have shown that probiotics may reduce gastric 
inflammation and indirectly improve eradica-
tion rates by lowering the incidence of some 
antibiotic-related gastrointestinal side effects, 
thus improving patient compliance and increas-
ing the number of subjects completing the 
treatment. based on those findings, the admin-
istration of probiotics in patients undergoing 
anti-H. pylori eradication treatment should be 
recommended.
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C H A P T E R
1. InTRoDUCTIon

Bacterial sepsis and meningitis continue to be 
the most common serious infection in neonates 
[1–3]. Neonatal sepsis is classified into two 
major categories: early onset (within 72 hours) 
sepsis, which is usually due to microorganisms 
that are acquired from the mother antepartum 
or intrapartum, and late onset (after 72 hours) 
sepsis caused by the pathogens that are gener-
ally acquired from the postnatal environment 
[3]. Severe sepsis associated with multisystem 
organ dysfunction has been a leading cause of 
death in patients hospitalized in neonatal inten-
sive care units (NICU) [3–6]. Neonates hospital-
ized in the NICU, particularly preterm infants, 
have very high rates of late onset sepsis (also 
referred to as nosocomial sepsis or healthcare-
associated sepsis). Late onset sepsis is gener-
ally defined as bloodstream bacterial infection 
26Bioactive Foods in Promoting Health: Probiotics and Prebiotics 
that presents after 72 hours of life [3]. Several 
risk factors for nosocomial sepsis have been 
identified and classified as either intrinsic or 
extrinsic factors. Intrinsic risk factors include 
the relative immunodeficiency of the neonate, 
and compromised portals of entry for potential 
pathogens including the immature barrier func-
tion of the skin and the gastrointestinal tract [6]. 
Risk factors associated with medical treatments, 
devices, and invasive procedures are extrin-
sic. Strategies to prevent infections in NICU 
patients have evolved as the progress in science 
and technology has advanced our understand-
ing of the risk factors for nosocomial sepsis. It is 
often caused by infection of commensal bacteria 
derived from mucosal or skin surfaces.

Group B Streptococcus (GBS) and E. coli are 
the two most common bacterial pathogens caus-
ing neonatal sepsis and meningitis (NSM) [1, 2].  
GBS is a commensal organism found in the  
7 © 2010, Elsevier Inc. All rights reserved.
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gastrointestinal and genitourinary tracts of 
healthy individuals. However, in certain cir-
cumstances, mostly in neonates, GBS can 
become a life-threatening pathogen, causing 
invasive infections such as sepsis and meningi-
tis. Invasive GBS disease emerged in the 1970s 
as a leading cause of newborn morbidity and 
mortality in the USa [7]. extensive studies have 
demonstrated that intrapartum prophylaxis 
(IP) of GBS carriers and selective administra-
tion of antibiotics to neonates decrease newborn 
GBS infection by as much as 80 to 95% [7–10]. 
However, a major concern is whether IP use of 
antibiotics affects the incidence and the resist-
ance of early-onset neonatal infection with non-
GBS pathogens [7–10]. Currently, the focus has 
shifted to E. coli, which is a leading cause of 
infection among neonates, particularly among 
those of very low birth weight (VLBW) [11]. 
E. coli is the most common cause of neonatal 
Gram-negative sepsis and meningitis [1, 2]. 
Premature infants, immunocompromised hosts, 
and children with underlying severe gastroin-
testinal diseases are especially prone to E. coli 
sepsis and meningitis. the estimated annual 
incidence of E. coli neonatal sepsis is thought 
to be one case per 1000 live births [12], with E. 
coli strains possessing the K1 capsular polysac-
charide being isolated from the majority of cases 
[13]. the intestines of breast-fed infants become 
colonized with E. coli during the first week of 
life [14], while the prevalence of E. coli K1 rec-
tal colonization in women of child-bearing age 
has been documented to be as high as 50%, 
with up to 30% of their newborns colonized by 
the second day of life [15]. although initially 
most multicenter reports showed stable rates of 
non-GBS early onset infection with IP for GBS, 
other studies challenge this conclusion, sug-
gesting an increasing incidence of early onset 
E. coli infections in low birth weight and VLBW 
neonates and a rising frequency of ampicil-
lin-resistant E. coli infections in preterm infants 
[16, 17]. Widespread antibiotic use, particularly 
d. PRoBIotICS
with broad-spectrum antimicrobial agents, may 
result in a rising incidence of neonatal infections 
with antibiotic resistance, which is an ecologi-
cal phenomenon stemming from the response of 
bacteria to antibiotics [18]. antibiotic resistance 
has emerged as a major public health problem 
during the past decade [19]. Widespread anti-
biotic use will certainly worsen the ongoing 
antimicrobial resistance crisis.

2. PRobIoTICS: eCoLoGIC 
APPRoACHeS To neonATAL 

InfeCTIonS

the development of microbial infections is 
determined by the nature of host-microbe rela-
tionships. as most microbes form a healthy sym-
biotic ‘superorganism’ with the hosts, a holistic 
balance of this relationship is essential to our 
health [20]. In view of community ecology, our 
health is associated with the dynamic interactions 
of three microbial communities [non-pathogenic 
microbiota (NP), conditional pathogens (CP), and 
unconditional pathogens (UP)] with the hosts at 
three different health statuses—non-susceptibility  
(NS), conditional susceptibility (CS), and uncon-
ditional susceptibility (US). NP is the major 
microbial community that forms a healthy symbi-
otic relationship with the hosts. the ecology and 
evolution of NP-NS interaction is essential and 
fundamental for health. From birth to death, the 
inherent nature of the superorganism makes us 
establish and maintain a symbiotic relationship 
with a vast, complex, and dynamic consortium 
of microbes. Most of our microbial commensals 
reside in our gastrointestinal (GI) track packed 
with up to 100 trillion (1014) microbes [20, 21]. 
the GI tract harbors a rich microbiota of 600 
different bacterial species. Human intestinal 
samples contain members of nine divisions of bac-
teria (Firmicutes, Bacteroidetes, actinobacteria, 
Fusobacteria, Proteobacteria, Verrucomicrobia, 
 aNd HeaLtH
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Cyanobacteria, Spirochaeates, and VadinBe97) [21]. 
Some of these microorganisms may provide pos-
itive health benefits for their hosts. these include 
stimulating the immune system, protecting the 
host from microbial invasion, aiding digestion 
and modulating energy balance [20]. the GI tract 
is a complex ecosystem formed by the symbiotic 
alliance of GI mucosal epithelium, immune cells 
and microbiota.

the GI mucosa provides a protective interface 
between the internal environment and the con-
stant external challenge from food-derived anti-
gens and microbes. the gut mucosal immune 
system is able to discriminate between patho-
gens and benign microbes by stimulating protec-
tive immunity without disrupting the integrity of 
the gut mucosa. Breast-feeding is associated with 
protection from many infections or related condi-
tions, including gastroenteritis, respiratory tract 
infection, acute otitis media, urinary tract infec-
tion, neonatal septicaemia, H. influenzae menin-
gitis and necrotizing enterocolitis [22–24]. Some 
of the protective effects may be due to an altered 
mucosal colonization pattern in the breast-fed 
infants. dNa microarray studies have demon-
strated that colonization of germ-free mice with 
B. thetaiotaomicron alters expression profiles of 
host genes that contribute to regulation of post-
natal maturation, nutrient uptake and metabo-
lism, processing of xenobiotics, and angiogenesis 
[25]. a study by Gan and colleagues showed that 
live L. fermentum, a major commensal bacterium 
present in the GI track of mammalians, is able to 
hamper the ability of S. aureus to cause wound 
infection in rats [26]. these studies suggest that 
microbial stimulation plays an important role in 
neonatal development and that beneficial micro-
organisms such as Lactobacillus enhance host 
defense against pathogens.

the GI microbiota is established rapidly after 
birth [25]. the three components of the GI eco-
system, essential for human homeostasis, have 
interdependent relationships. they rely on each 
other to achieve their normal functions and 
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activities [27]. the GI mucosa, as a protective 
barrier, provides an ecological interface between 
the internal environment and the constant exter-
nal challenge from food-derived antigens and 
microbes. CP and UP are minor microbial com-
munities that mainly contribute to the patho-
genesis of microbial diseases. the distinction 
between the commensal and the pathogen in 
the CP community can be blurred because they 
may cause diseases under certain sub-health 
conditions of the hosts, or in immunocompro-
mised hosts. For example, the Pneumococcus, 
Meningococcus and Haemophilus bacteria 
regularly exist as part of the normal microbi-
ota of the host respiratory track and are mostly 
carried asymptomatically despite the fact that 
they can cause well-defined diseases [28, 29]. 
Microbes in the CP community dynamically 
evolve in two opposite directions, either toward 
the NP (more cooperative or mutualistic) or 
UP (more pathogenic) microbial community. 
Microbes with high pathogenicity belong to the 
UP microbial community. the three microbial 
communities and three statuses of the hosts are 
subjected to dynamic reciprocal changes driven 
by intraspecies, cross-species or cross-kingdom 
transfer of genetic materials. extending along 
the dynamic continuum from conflict to cooper-
ation, microbial infections always involve sym-
biosis and pathogenesis, which are two opposite 
but interdependent aspects of the host-microbe 
interactions. the most fundamental issue in eco-
logical infectomics is how to transform situations 
of potential conflict (pathogenesis) into coop-
eration (symbiosis) by dissecting the dynamic 
duality relationships between symbiosis and 
pathogenesis in microbial infections and devel-
oping symbiotic agents (symbiotics) that favor a 
healthy symbiosis [30]. Symbiotics are defined as 
products that are beneficial to symbiotic ecology 
of the superorganisms consisting of microbes 
and their human hosts. these include microbial 
(e.g., probiotic bacteria and phages) and non-
microbial agents (e.g., prebiotics) [30–33].
 aNd HeaLtH



18. PROBIOTICS IN NEONATAL SEPSIS270
a number of factors may cause alterations 
in the composition and effect of the normal 
microbiota. these include use of antibiotics, 
immunosuppressive therapy, irradiation, other 
means of treatment, hygiene, and the imbal-
ance of nutrition. as a result of all the factors 
mentioned, there has been a decline in the inci-
dence of microbial stimulation that may reduce 
host defense and predispose the host to infec-
tious, inflammatory, degenerative, and neopla-
sic diseases [25, 34]. therefore, the introduction 
of beneficial microorganisms such as probiot-
ics into our body is a very attractive rationale 
for modulating the microbiota, improving the 
symbiotic homeostasis of the superorganism, 
and providing a microbial stimulus to the host 
immune system against microbial pathogens [25, 
34]. Multiple mechanisms of probiotic therapy 
have been postulated, including the production 
of antimicrobial agents, competition for space or 
nutrients, and immunomodulation. the microbes 
frequently used as probiotic agents include 
Lactobacillus and Bifidobacterium. For example, 
Lactobacillus spp. is able to attenuate colitis in 
IL-10-deficient mice; probiotic agents containing 
Lactobacillus, Bifidobacterium, and Streptococcus 
spp. are effective in treatment of chronic ‘pouchi-
tis,’ a complication subsequent to surgical ther-
apy for ulcerative colitis [35, 36]. the protective 
effects of Lactobacillus on both Shiga toxin-pro-
ducing E. coli o157:H7 and enteroinvasive E. coli 
infections were demonstrated in infant rabbits 
and intestinal epithelial cells, respectively [37, 
38]. a study by alvarez-olmos and oberhelman 
suggests that the use of lactic acid bacteria as 
live vectors is a promising approach for deliver-
ing drugs, antimicrobial agents, and vaccines to 
defined host niches, due to their safety, ability to 
persist within the indigenous microbiota, adju-
vant properties, and low intrinsic antigenicity 
[39]. dissecting the role of probiotics as modula-
tors of the host defense system will be challeng-
ing, and may be important for the pathogenesis 
and prophylaxis of neonatal microbial infections, 
including NSM.
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3. PRobIoTICS foR THe 
PRevenTIon of neonATAL 

SePSIS ASSoCIATeD wITH 
neCRoTIzInG enTeRoCoLITIS

Necrotizing enterocolitis (NeC), an acute 
inflammatory disease, is the common GI emer-
gency that affects the intestine of neonates 
resulting in intestinal necrosis, systemic sepsis 
and multisystem organ failure [40–43]. Most 
NeCs are associated with prematurity as full-
term newborns account for only 5–25% of all 
cases [43]. It is the leading cause of death and 
long-term disability from GI diseases in preterm 
infants [40]. NeC affects approximately 20% of 
preterm infants. Mortality (20–40%) and morbid-
ity, including long-term neuronal developmental 
disorders, remain high, especially in infants with 
VLBW [43]. NeC has not only been one of the 
most serious clinical problems to affect neonates, 
but also one of the most challenging to treat. 
this disease typically develops after the onset 
of enteral feeds and when the intestinal tract 
has become colonized. Several lines of evidence 
suggest that the interaction between indigenous 
bacteria and the newborn intestine have a crucial 
role in the pathogenesis of NeC [40].

Probiotic bacteria have been used as live 
microbial supplements for the prevention of NeC 
[41–43]. the most frequently used probiotics are 
Lactobacillus and Bifidobacterium. Potential mecha-
nisms by which probiotics may protect high risk 
infants from developing NeC and/or sepsis 
include: increased barrier to migration bacteria 
and their products across the mucosa; competitive 
exclusion of potential pathogens; modification of 
host response to microbial products; augmenta-
tion of GI mucosal responses; enhancement of 
enteral nutrition that inhibit the growth of path-
ogens; and up-regulation of immune responses 
[41]. data for definite NeC in probiotic and pla-
cebo (control) groups were reported in seven tri-
als, which included 1,393 neonates [43]. the rate 
of NeC in the control group (8 of 690, 6%) was 
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significantly higher than that of the probiotics 
group (15 of 703, 2%). a combination of avail-
able data from five clinical trials (n  1,268) 
showed a reduced risk of death due to all 
causes in the infants treated with probiotics, as 
compared with the control group [43]. No sig-
nificant differences in the risk of mortality due 
to NeC between the probiotics and the control 
groups were shown by pooling of data from 
four clinical trials (n  901) [43]. a significant 
reduction in the time to reach full feeds in the 
probiotics was suggested when compared to the 
control group by meta-analysis of data available 
from three clinical trials (n  316) [43]. overall, 
the data from a number of clinical trials suggest 
a significant reduction in the risk of NeC and 
in mortality after probiotic supplementation in 
preterm neonates with VLBW, compared with 
the controls [41–43].

as indicated in a number of studies, there is 
still considerable variation in treatment recom-
mendations for neonates with sepsis and NeC 
[41–43]. these variations include type, dose, 
and duration of probiotic supplementation, the 
age of commencement, and the use of antibiot-
ics. the optimum type of probiotic supplements, 
with the use of single or multiple microbes, 
remains to be determined. Individual organisms 
are known to have variable rates of coloniza-
tion in different populations. the colonization 
rates of Lactobacillus are shown to range from 
60 to 87% in preterm neonates [43]. Maturity of 
the host also plays an important role in coloniza-
tion by probiotic organisms. It has been reported 
that the rates (25%) of colonization in neonates 
with VLBW are much lower (50%) than that of 
those infants weighing 1500–1999 g at birth [43]. 
Whether colonization with a particular probi-
otic agent may have benefits over only a spe-
cific period of postnatal life is not clear. the use 
of antibiotics for suspected or proven sepsis 
will also affect the gut colonization in preterm 
neonates. Specific data for the use of antibiotics 
during the trial has been reported by Manzoni 
et al., and by Mohan and colleagues, who also 
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investigated the gut colonization by resistant 
bacterial strains in neonates treated with or with-
out antibiotics [44, 45]. No significant difference 
between the probiotic and control groups was 
observed with regard to the number of neonates 
colonized with antibiotic-resistant strains irre-
spective of antibiotic treatment. as the results of 
these data are limited, it is premature to make 
any conclusive comment on the effect of antibi-
otic use on the gut colonization during probiotic 
supplementation. there is a difference in the gut 
microbiota of preterm infants and normal-term 
neonates [43]. Neonates with VLBW usually 
acquire microbiota mainly from the nosocomial 
environment rather than from their mothers. the 
mode of delivery also affects the pattern of gut 
colonization, which may differ between neonates 
delivered vaginally and those delivered by  
cesarean section. the establishment of a stable 
and healthy neonatal gut microbiota may be 
delayed after delivery by cesarean section [43].

there is a potential risk of bacteremia  
secondary to enterally administered probiotic 
strains, although sepsis caused by the specific 
organisms in the probiotic supplement has not 
been reported in any of the clinical trials men-
tioned in this article. Caution is essential for 
the use of the prevention of sepsis and NeC in 
immunocompromised hosts such as preterm 
neonates, since neonatal Lactobacillus bacteremia 
has already been reported [46, 47].

4. PRobIoTICS foR THe 
PRoPHyLAxIS of neonATAL 

bACTeRIAL MenInGITIS

as probiotics help to maintain ecological bal-
ance, the use of probiotics for the prophylaxis 
of early onset neonatal meningitic infections 
may overcome the major disadvantage of wide-
spread antibiotic use, which disturbs the normal 
microbiota. as mentioned above, probiotics are 
effective in the prevention of sepsis associated 
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with NeC in neonates. Studies using probiot-
ics have demonstrated that atopic dermatitis 
of newborns can be prevented in 50% of cases 
if mothers take probiotics during pregnancy 
and newborns ingest them during the first  
6 months of life [48]. Newborns fed with probiotic- 
enriched formula grew better than those fed 
with the regular one [49]. Probiotics have also 
been shown to decrease the frequency and dura-
tion of diarrhea caused by E. coli and other path-
ogens [50, 51]. However, it is unknown whether 
probiotics are effective in preventing neonatal 
bacterial meningitis in humans. In order to dis-
sect this issue and develop probiotics as a better 
approach for the prophylaxis of NSM caused by 
meningitic pathogens including GBS and E. coli  
K1, we have tested the prophylactic efficacy of 
LGG in NSM in vitro (cell culture model) and  
in vivo (neonatal rat model of bacteremia and 
meningitis) [52].

LGG is one of the most studied probiotic 
strains (atCC 53103). It was originally isolated 
from human intestinal flora [53]. LGG has been 
shown to reduce the duration and symptoms of 
infantile rotavirus diarrhea, to have some effect 
on preventing atopic diseases among infants, 
and to modulate immune responses [53]. LGG 
has been used for many years with an excellent 
overall safety record [39]. It is well tolerated 
and extremely safe, and serious adverse effects 
rarely occur, compared to many pharmaceuti-
cal agents [53]. Side effects were not observed 
in a large population receiving LGG in Finland 
[39]. However, Lactobacillus bacteremia has been 
reported in two high-risk groups: premature 
neonates and immune compromised individu-
als [39]. Large population studies showed that 
the increased use of LGG has not led to an 
increase in Lactobacillus bacteremia [54]. as LGG 
has an excellent track record for success and 
safety, this probiotic agent has been chosen for 
testing the efficacy of anti-meningitic infection 
in vitro and in vivo [52].

Caco-2, a human intestinal epithelial cell line, 
was used as an in vitro model for testing effects 
d. PRoBIotICS
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of LGG on meningitic E. coli adhesion to and 
invasion of the gut barrier since it has been one 
of the most relevant in vitro models for the stud-
ies of small intestinal epithelial cell differentia-
tion and transport properties [55]. Competitive 
exclusion/adhesion inhibition assays were used 
to examine the ability of LGG to interfere with 
the adhesion of E. coli K1 to Caco-2 cells. In this 
study, Caco-2 cells were pre-incubated with 
different doses of LGG (106 to 108 cfu) before 
addition of meningitic E. coli K1 strain e44, a 
rifampin-resistant strain of a clinical isolate E. 
coli RS218 (o18:K1:H7) from the CSF of a new-
born infant with meningitis [56]. as shown in 
Figure 18.1, e44 invasion of Caco-2 cells was 
competitively inhibited by LGG in a dose-
dependent manner (p  0.01). Blocking effects 
of LGG on the invasive phenotype of strain e44 
into Caco-2 cells were tested utilizing competi-
tive exclusion/invasion inhibition assays. Caco-
2 cells were pre-incubated with different doses 
of LGG (107 to 108 cfu) before addition of e44. 
the intracellular pathogens were determined by 
the gentamicin protection assay, which is based 
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fIGURe 18.1 effects of LGG on meningitic E. coli K1 
(e44) adhesion to human intestinal epithelial cells (Caco-2).  
epithelial cells were incubated with various doses of 
Lactobacillus for 3 hours before adding bacteria. adhesion 
assays were carried out as described previously [52]. all 
values represent the means of triplicate determinations. the 
results were expressed as adhesion activities compared to 
that of the control without LGG. error bars indicate stand-
ard deviations. **p  0.01.
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upon the principle that intracellular organisms 
are ‘protected’ from the bactericidal effects of 
gentamicin, while extracellular organisms are 
killed. the invasion rate of e44 at the zero-con-
centration of LGG was assigned as 100% and the 
effects of probiotic preincubation were compared 
to this control level (Figure 18.2). as shown in 
Figure 18.2, e44 invasion of Caco-2 cells was 
blocked by LGG in a dose-dependent manner. 
the invasion ability of e44 was reduced by 78% 
at 1  108 cfu of LGG (p  0.01). a similar result 
was obtained using the rat intestinal epithelial 
cell line IeC6 (data not shown).

In order to examine whether LGG influences 
the internalized bacteria across the monolayers 
of Caco-2 cells using the transcellular pathway 
with or without enhancement of the epithelial 
barrier functions, competitive exclusion/trans-
cytosis inhibition assays were performed. In this 
experiment, Caco-2 cells were pre-incubated 
with different doses of LGG (107 to 108 cfu) 
before addition of meningitic E. coli K1 strain 
e44. after incubation with LGG, 1  107 cfu 
of e44 was added to the upper chamber of the 
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fIGURe 18.2 Inhibition of meningitic e44 invasion of 
Caco-2 by LGG. Caco-2 cells were incubated with various 
doses of Lactobacillus for 3 hours before adding bacteria. 
Invasion assays were carried out as described previously 
[52]. all values represent the means of triplicate determina-
tions. the results were expressed as relative invasion activi-
ties compared to that of the control without LGG. error bars 
indicate standard deviations. *p  0.05; **p  0.01.
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transwell. the appearance of e44 in the bottom 
chamber was determined. as shown in Figure 
18.3, LGG was able to significantly reduce 
transcytosis of e44 across the Caco-2 monolay-
ers at 1  108 cfu of LGG at 4 hours (p  0.05). 
to further determine whether LGG influenced 
the barrier function that led to decreased e44 
crossing the Caco-2 monolayers from the api-
cal to the basolateral side, horseradish peroxi-
dase (HRP) assay was carried out as previously 
described [57]. the HRP concentration was 
determined spectrophotometrically at 470 nm to 
determine the peroxidase activity. e44 cfu in the 
lower chamber were significantly reduced in the 
experimental group (e44  LGG) at 1  108 cfu 
of LGG compared to the control (e44 without 
adding LGG) (p  0.05) [52]. However, stable 
teeR [52] and HRP activity (25.6  1.7 g/mL 
at 6 h) were observed in both groups, suggest-
ing that the barrier function or permeability was 
not remarkably altered.

our in vitro experiments demonstrated that 
the probiotic agent LGG was able to significantly 
block meningitic E. coli K1 adhesion, invasion 
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fIGURe 18.3 effects of LGG on E. coli K1 translocation 
across Caco-2 monolayers. epithelial cells were incubated 
with various doses of LGG for 3 hours before adding 107 cfu 
of e44. transcytosis assays were carried out as described 
previously [52]. all values represent the means of triplicate 
determinations at 4 hours. experiments were repeated three 
times. error bars indicate standard deviations. *p  0.05.
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and transcytosis. Next, the probiotics-induced 
blocking effects on meningitic pathogens were 
further examined in the neonatal rat model of E. 
coli K1 meningitis. LGG was administered orally 
to 2-day-old rats for 3 days before E. coli K1 
infection. the 5-day-old rats were infected with 
E. coli e44, and the stool, blood and CSF sam-
ples were cultured for indication of intestinal 
colonization, bacteremia and meningitis, respec-
tively [52]. our results showed that the rates 
of e44 intestinal colonization, bacteremia and 
meningitis were significantly different between 
the experiment group with LGG and the control 
receiving PBS [52]. Quantitative cultures of LGG 
were also done with the blood samples from 
the pups receiving LGG. No LGG was detected. 
the average number of intestinal E. coli K1 colo-
nies in the animals given LGG was significantly 
lower than that of the control group, suggesting 
that LGG is able to suppress E. coli K1 coloniza-
tion in the rat intestine. No bacteremia and men-
ingitis occurred in the animal group inoculated 
with LGG. In contrast, among the animals in 
the control group, 100% of them colonized with 
meningitic E. coli K1 and the majority (64%) of 
the rats had bacteremia (105 to 108 cfu/mL), 
which is critical for the development of menin-
gitis. twenty-one percent of the rats in the con-
trol group developed meningitis.

adhesion and invasion are two subsequent 
steps essential for microbial pathogen entry 
into the host cells. enteric pathogens such as E. 
coli K1 must penetrate across two tissue barri-
ers, the gut and the blood–brain barrier (BBB), 
in order to cause meningitis [1, 2]. E. coli K1 
binding to and invasion of intestinal epithelial 
cells are a prerequisite for bacterial crossing of 
the gut barrier in vivo [58, 59]. therefore, it is 
important to understand how probiotics sup-
press meningitic E. coli translocation through 
the gastrointestinal epithelium. We have exam-
ined the blocking effects of LGG on E. coli K1 
strain e44 adhesion, invasion and transcytosis 
in the human colon carcinoma cell line Caco-2, 
which is one of the most relevant in vitro models  
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of gut epithelium for the studies of small intes-
tinal epithelial cell differentiation, transport 
properties and barrier functions [58, 59]. this 
in vitro cell culture model has been successfully 
used for identification of E. coli K1, S. fimbria 
and ibeA as virulence factors required for effi-
cient intestinal epithelial adhesion and invasion 
[58, 60]. our results show that in the in vitro 
Caco-2 cell line experiments LGG reduces E. coli 
K1 adhesion, invasion and transcytosis. to fur-
ther assess the role of LGG in the suppression of 
meningitic E. coli K1 infection, the animal study 
was carried out to test its biological functions 
using the newborn rat model of experimental 
hematogenous meningitis. this animal model of 
E. coli bacteremia and meningitis has been suc-
cessfully established and used by us to assess 
the ability of pathogens to cross the gut barrier 
and the BBB in vivo [1, 2, 58, 60]. experimental 
E. coli bacteremia and meningitis in newborn 
murines have important similarities to human 
newborn E. coli infection, e.g., age-dependency, 
hematogenous infection of meninges, without 
need for adjuvant or direct inoculation of bac-
teria into CSF [1, 2]. the availability of this 
animal model enables us to examine the clini-
cal relevance of probiotics-induced protective 
effects on newborns against the development 
of NSM. We showed that LGG was able to sig-
nificantly reduce the pathogen intestinal coloni-
zation and the genesis of E. coli K1 bacteremia. 
LGG was not detected in the blood samples of 
the animals treated with the probiotics, sug-
gesting that LGG, which has the most extensive 
safety assessment record [39], exhibited a high 
degree of safety in the neonatal murine pups. 
Significant difference in the rates of meningitis 
was observed between the probiotic and control 
groups [52]. It has been previously shown that 
a high degree of bacteremia (105 bacteria/mL) 
is a primary determinant for meningeal inva-
sion by E. coli K1 (2). our studies suggest that 
the significantly decreased or even abolished 
translocation of the pathogen across the gut bar-
rier leads to a reduced number of bacteria or no 
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bacteria entry into the bloodstream. this even-
tually results in no pathogens crossing the BBB  
to cause meningitis.

5. ConCLUSIon

In summary, clinical or preclinical studies show 
that probiotics might reduce the risk of sepsis, 
NeC and meningitis in neonates. despite the con-
siderable differences in type, dose, and duration 
of organisms used, the age of commencement, 
and the use of antibiotics, the remarkable progress 
suggests that probiotics might be a promising 
way to prevent sepsis, NeC and meningitis in 
newborns with the choice of an effective probiotic 
regimen. Large well-designed trials are needed to 
support the routine use of probiotics in preterm 
and mature neonates. Prematurity, which is the 
most important risk factor, may impede the use 
of probiotic supplementation alone in preterm 
neonates.

SUMMARy

Probiotics have been proposed as a promising 
way to prevent microbial infection in neonates. 
Results from several clinical trials suggest that 
probiotics reduce the risk of sepsis associated 
with necrotizing enterocolitis in preterm neonates. 
the prophylactic efficacy of Lactobacillus rhamno-
sus GG (LGG) in meningitic infection has been 
examined by using in vitro inhibition assays with 
e44 (a CSF isolate from a newborn baby with  
E. coli meningitis), and the neonatal rat model 
of E. coli sepsis and meningitis. LGG was able to 
block e44 adhesion, invasion and transcytosis in 
a dose-dependent manner. a significant reduction 
in the levels of pathogen colonization, bacteremia 
and meningitis was observed in the LGG-treated 
neonatal rats, as assessed by viable cultures,  
compared to the levels in the control group. 
these studies suggest that probiotics could be 
d. PRoBIotICS a
useful to correct ecological disorders in human 
intestinal microbiota associated with neonatal 
sepsis and meningitis, and might play a protec-
tive role in excluding pathogens from the intes-
tine and preventing infections.
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C H A P T E R
1. IntroDUctIon

Atopic eczema (AE) is a chronic, inflamma-
tory skin disorder affecting 10–25% of children 
in western countries [1–4]. Although the inci-
dence of AE has increased over the past several 
decades, this trend is not evenly distributed 
throughout the population. For example, there 
is a genetic predisposition to develop AE if first-
degree family members are already suffering 
from an atopic disease (AE, allergic rhinoconjunc-
tivitis or asthma). The highest risk for newborns 
developing AE exists if the mother is suffering 
from AE, or if both parents are suffering from the 
same atopic disease.

In AE, a dysregulation of cellular immu-
nity leads to an imbalance of the T-helper lym-
phocyte ratio (Th1/Th2) in favor of Th2, which 
is the predominant response in allergic patients. 
For both pathways there are numerous specific 
cytokines, with modulating allergic or non-
 allergic immune responses. The steady increase 
of AE in developed countries might be linked 
to hygiene improvement within the environ-
ment; children might be less exposed to infec-
tious agents during the first months of life and 
27Bioactive Foods in Promoting Health: Probiotics and Prebiotics 
might therefore develop a predominant Th2  
response.

Other environmental factors are preventive: 
exposure to other children, infections, exclu-
sively breast-feeding, animals and farming envi-
ronments during infancy. These observations 
support the hygiene hypothesis, which proposes 
that exposure to infections, e.g. due to more sib-
lings, an anthroposophical lifestyle, or microbial 
products in infancy which can favorably modify 
immune development towards Th1 and inhibit 
atopic diseases [5–7].

Standard symptomatic treatment strategies 
for AE include consequent emollient therapy  
in combination with anti-inflammatory treat-
ments using topical steroids or calcineurin inhib-
itors, and, if necessary, oral immune-suppressive  
drugs, antimicrobial agents, phototherapy or 
antihistamines. Changing environmental and 
genetic factors is difficult. For this reason, a 
number of trials have been conducted to evalu-
ate nutritional strategies for prevention and 
therapy of AE. Exclusively breast-feeding for 
the first 4 months is recommended in all new-
borns. If nursing is not possible, for high-risk 
infants there are several extensive or partial 
9 © 2010, Elsevier Inc. All rights reserved.
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hydrolysates available, which are sufficient to 
reduce the incidence of AE during the first 6 
years of life [8]. Additional preventive effects 
due to probiotic intake have been shown as 
primary in 2001 by Kalliomäki in a Finnish 
randomized, double blind placebo-controlled  
study [9].

2. ProbIotIcs

2.1. Immune Modulating characteristics 
of Probiotics—result of In Vitro and  
In Vivo trials

In vitro trials show that probiotic lactic acid 
bacteria have a modulating influence on the 
production of certain cytokines and so can pos-
sibly influence naïve T cells in their differentia-
tion to Th1 or Th2, respectively.

Pochard [10] and coworkers isolated mono-
nuclear white blood cells of subjects allergic 
to house dust mites and stimulated these with 
the house dust mite antigen dermatophagoides 
pteronissimus. Here they showed that a pre-
incubation of these white blood cells with dif-
ferent gram-positive lactobacilli, dependent 
on the dose, inhibited the production of Th2 
interleukin (Il)-4 and Il-5 as well as increased 
the production of Th1 –interferon (IFn-). This 
effect does not arise from pre-incubation with 
gram-negative Escherichia coli.

Similar findings are provided by Shida [11], 
who immunized mice with a hen’s egg antigen 
(ovalbumin) and incubated the sensitized spleen 
cells with and without Lactobacillus casei with 
ovalbumin. There was evidence of an inhibit-
ing effect through Lactobacillus casei on Il-4 and 
Il-5 production as well as an increase of Il-12 
and IFn-. The authors suspect that this shift of 
cytokines is the reason for the reduction in total 
IgE as well as the allergen specific IgE against 
ovalbumin in their trial [11].

Pelto and coworkers [12] could show in a 
double blind, placebo-controlled cross-over trial 
d. PrObIOTICS
that a supplementation of cows’ milk with lgg 
(Lactobacillus goldin and gorbach) influences 
the unspecific immune answer in humans with 
and without intolerance to cows’ milk in differ-
ent ways. In this trial volunteers with gastroin-
testinal symptoms after cows’ milk ingestion 
(n  8, intolerant to milk) and a control group 
(n  9, tolerant to milk) were challenged with 
milk over 1 week each. Intolerance to lactose 
was excluded in all volunteers in the run-up. 
The groups received 200 ml of pure cows’ milk 
with or without lgg in a dose of 2.6  108 cfu  
(colony-forming units) twice a day over 1 week. 
After a subsequent 1-week wash-out phase 
the groups were switched. The expression of 
phagozytose receptors on neutrophil granulo-
cytes and monocytes were measured via flow 
cytometry before and after the intervention 
phases. In milk-tolerant patients cows’ milk 
ingestion led to a significant increase of recep-
tor expression on neutrophil granulocytes (CrI, 
FcrI, Fcar) and monocytes (CrI, Cr3, Fcar). 
When the milk was augmented with lgg, this 
increased expression failed to appear. In milk-
tolerant volunteers, cows’ milk consumption did 
not lead to an increased receptor expression on 
neutrophil granulocytes, whereas supplementa-
tion with lgg did.

This thesis is supported by trials with non-aller-
gic or, respectively, non-atopic adult probands. 
The phagocytosis activity of granulocytes was 
increased after a 3-week period of ingesting 
probiotic lactic acid bacteria in vitro. This effect 
was achieved by Lactobacillus acidophilus la1 
(7  1010 cfu/day) as well as by Bifidobacterium 
bifidum bb12 (1  1010 cfu/day) [13].

Schiffrin [14] described a humoral increase 
of specific Immunoglobulin A (IgA) against 
Salmonella typhi Ty2a after oral vaccination in 
patients after supplementation of probiotics. 
Probands taking each 5  109 cfu Lactobacillus 
acidophilus la1 and Bifidobacterium bifidum bb12, 
showed an IgA-Salmonella-typhi-titer increased 
by four times in comparison to the control group 
(p  0.04). Secretory IgA in feces of healthy 
 And HEAlTH
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infants could be significantly increased by giving  
a formula augmented with Bifidobacterium bifi-
dum bb12 [15]. In healthy subjects, probiotics 
may act as adjuvants to the humoral immune 
response following oral vaccination or food 
antigen introduction [16], whereas bacterial 
strains have different effects [17].

2.2. Prevention of Atopic Diseases with 
Probiotics—clinical trials

Clinically relevant effects on infants highly at 
risk of developing an atopic disease were shown 
in the context of a randomized, double blind, 
placebo-controlled trial [9]. Infants are deter-
mined as at high risk if at least one first-degree 
relative (mother, father, sibling) already suffers 
from an atopic disease such as asthma, allergic 
rhinitis and/or atopic eczema. One hundred and 
fifty-nine pregnant women were randomized 
into two groups. The verum group was given 
two capsules with a total of 1010 cfu lgg per day 
2–4 weeks before expected date of delivery until 
6 months postnatally. The placebo group was 
also given two capsules daily, but with microc-
ristalline cellulose. If the baby was breast-fed the 
mother consumed the capsules, if not, the baby 
was given the contents of the capsules dissolved 
in water. by daily ingestion of lgg the preva-
lence of atopic eczema at the age of 2 years was 
decreased by 50%. This effect continued until 
the age of 4 years (Table 19.1) [18]. The same 
study method has been used by a german team 
to verify these findings for germany, but failed 
to show any preventive effect in the probiotic 
group [19]. Possible explanations might be: a dif-
ferent genetic background; lack of information 
regarding the duration of ‘exclusively’ breast-
feeding; and/or different amounts of older sib-
lings between the intervention groups.

The preventive effect of lgg in the Finnish 
trial was irrespective of the mother breast- 
feeding the baby or not. Presumptive, there is a 
correlation of the increased production of TgF- 
d. PrObIOTICS
in breast milk of nursing women supplementing 
lgg, in comparison to breast-feeding mothers 
who ingested placebo [20]. In this context, it is 
important to point out that maternal colostrum 
naturally contains a significantly higher concen-
tration of TgF- than mature breast milk [21], 
but there is an increase of TgF- and IgA after 
probiotic supplementation [22, 23].

In the course of the physiological develop-
ment of tolerance within the first 6 months of life, 
a shift takes place from the initially intrauterine 
TH2- to a TH1-response. This is explained by 
the findings of Prescott and coworkers [23, 24],  
who detected increased InF- in cord blood of 
neonates of mothers who received probiotics, 
compared with the placebo group. Previous tri-
als give reason to believe that probiotics are able 
to encourage a TH1- response and hence a physi-
ological development of tolerance.

Infants with allergies in western societies 
are reported to be less frequently colonized 
with infant-type Bifidobacterium species such as 
Bifidobacterium longum and Bifidobacterium breve, 
and more frequently colonized by Bifidumbacterium 
adolescentis and other species typical of the adult 
intestinal microbiota than infants without allergies 
[25, 26]. Exclusively prenatal probiotic administra-
tion with lgg (from 36 weeks of gestation until 
delivery) can influence Bifidobacterium microbiota 
development in infants with high risk of allergy 
[27]. These findings are in line with the outcome 
of less IgE-associated allergic diseases in cesar-
ean-delivered children [28]. A summary of rand-
omized, double blind, placebo-controlled clinical 
trials for prevention of AE is listed in Table 19.1.

2.3. therapy of Atopic Eczema with 
Probiotics—Findings From clinical trials

Majamaa and Isolauri [29] showed in 1997 for 
the first time that probiotic bacteria are able to 
improve the symptoms of atopic eczema within 
1 month. Twenty-seven children, aged 2.5–15.7 
months with atopic eczema and verified cows’ milk 
 And HEAlTH



19. PR
O

B
IO

T
IC

S A
N

D
 PR

EB
IO

T
IC

S IN
 A

T
O

PIC
 EC

ZEM
A

282ic intake for  

Results

y; 

↓Prevalence of AE4 
at age of 2 years; 
23% lgg2; 46% 
placebo

↓Prevalence of AE4 
at age of 4 years; 
28% lgg2; 46% 
placebo
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↓Prevalence of AE 
at age of 6 months; 
10% prebiotic 
(gOS8/FOS9); 23% 
placebo

↓Prevalence of AE4 
at age of 2 years; 
14% prebiotic 
(gOS8/FOS9); 28% 
placebo

y

↓Prevalence of AE4 
at age of 2 years 
(eczema without 
IgE sensitization); 
26% probiotic/
prebiotic (gOS8); 
32% placebo; AE4 
(eczema with IgE 
sensitization); 12.4% 
probiotic/prebiotic 
(gOS8); 17.7% 
placebo
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tAblE 19.1 Clinical outcomes of randomized, double blind, placebo-controlled trials with pro- and prebiot
prevention of atopic eczema

Reference N (randomized, 
pregnant women 
or infants)

N (infants/
children 
available for 
assessment)

Efficacy 
endpoint—Age 
of atopic eczema 
determination

Intervention 
Probiotics/ 
prebiotics

Ingestion Study design

Kalliomäki 
2001, 
Finland1

159 women, 
family atopy

132 2 years lgg2 directly 
ingested by breast-
feeding mothers or 
cEHF3 supplemented 
with lgg2 versus 
microcrystalline 
cellulose (placebo)

Pregnant 
women 
and 
infants

2–4 weeks 
prenatally until 6 
months postnatall
lgg2 versus 
placebo

Kalliomäki 
2003, 
Finland5

107 4 years

Moro 2006, 
Italy6

259 infants, 
parental atopy

206 6 months wEHF7 
supplemented with 
gOS8 and FOS9 
versus maltodextrin 
(placebo)

Infants Start bottle feedin
within the first 2 
weeks of life, no 
breast-feeding afte
6 weeks of life; 
5.2–6 month study
formula ad libitum

Arslanoglu 
2008, Italy10

134 2 years

Kukkonen 
2007, 
Finland11

1223 women, 
parental atopy

925 2 years Mixture of four 
different probiotic 
strains (including 
lgg2) and 
additionally gOS8 
for the infant versus 
microcrystalline 
cellulose and sugar 
syrup (placebo)

Pregnant 
women 
and 
infants

2–4 weeks 
prenatally until 6 
months postnatall
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no difference 
in prevalence of 
AE4 at 6 months; 
26% probiotic; 
23% placebo. 
no difference in 
prevalence of AE4 
at 12 months; 38% 
probiotic; 34% 
placebo

 

no difference in 
prevalence of AE4 at 
age of 2 years; 28% 
lgg2; 27% placebo

 

 

 

↓Prevalence of AE4 
at the age of 2 years 
in the Lactobacillus 
rhamnosus group. 
Atopic eczema 
(eczema with IgE 
sensitization); 
10% L. rhamnosus 
Hn001; 19% 
placebo; 13%  
B. animalis subsp. 
lactis Hn019; 
(eczema without 
IgE sensitization); 
5% L. rhamnosus 
Hn001; 11% B. 
animalis subsp. lactis 
Hn019; 9% placebo

(Continued)
Taylor 2007, 
Australia12

226 infants, 
maternal atopy

178 6 months;  
12 months

Lactobacillus 
acidophilus 
(lAVrI-A1) with 
maltodextrin versus 
maltodextrin 
(placebo)

Infants 6 months 
postnatally

Kopp 2008, 
germany13

105 women, 
family atopy

94 2 years lgg2 versus 
microcrystalline 
cellulose (placebo)

Pregnant 
women 
and 
infants

4–6 weeks 
prenatally until 6 
months postnatally
(3 months  
breast-feeding 
mothers and then 
3 months to the 
infant directly); 
lgg2 versus 
placebo

Wickens 
2008, new 
Zealand14

512 women, 
parental atopy

446 2 years Lactobacillus 
rhamnosus Hn001 
versus Bifidobacterium 
animalis subsp. 
lactis Hn019 versus 
placebo (dextran, 
salt, yeast extract)

Pregnant 
women 
and 
infants

35 weeks’ gestation
and 6 months 
postnatally  
L. rhamnosus Hn001
versus B. animalis 
subsp. lactis Hn019
versus placebo
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no change in AE4 
prevalence at the 
age of 5 years.  
↓Prevalence of AE4 
at 5 years of life in 
cesarean-delivered 
children 15.7 vs 
30.4%
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Reference N (randomized, 
pregnant women 
or infants)

N (infants/
children 
available for 
assessment)

Efficacy 
endpoint—Age 
of atopic eczema 
determination

Intervention 
Probiotics/ 
Prebiotics

Ingestion Study design

Kuitunen 
2009, 
Finland15

1223 women, 
parental atopy

891 5 years Mixture of four 
different probiotic 
strains (including 
lgg2) and 
additionally gOS8 
for the infant versus 
microcrystalline 
cellulose and sugar 
syrup (placebo)

Pregnant 
women 
and 
infants

36 weeks’ gestation
probiotic mixture 
for mothers and 6 
months postnatally
probiotic 
mixture  gOS8 
for the infant for 6 
months

1Kalliomaki, M., Salminen, S., Arvilommi, H. et al. (2001). Lancet 357, 1076–1079.
2lgg: Lactobacillus goldin and gorbach.
3cEHF: extensive hydrolysate formula on casein basis.
4AE: atopic eczema.
5Kalliomaki, M., Salminen, S., Poussa, T. et al. (2003). Lancet 361, 1869–1871.
6Moro, g., Arslanoglu, S., Stahl, b. et al. (2006). Archives of Disease in Childhood 91, 814–819.
7wEHF: extensive hydrolysate formula on whey basis.
8gOS: galacto-oligosaccharides.
9FOS: fructo-oligosaccharides.
10Arslanoglu, S., Moro, g. E., Schmitt, J. et al. (2008). J Nutr 138, 1091–1095.
11Kukkonen, K., Savilahti, E., Haahtela, T. et al. (2007). Journal of Allergy and Clinical Immunology 119, 192–198.
12Taylor, A. l., dunstan, J. A. & Prescott, S. l. (2007). Journal of Allergy and Clinical Immunology 119, 184–191.
13Kopp, M. V., Hennemuth, I., Heinzmann, A. & Urbanek, r. (2008). Pediatrics 121, E850–E856.
14Wickens, K., black, P. n., Stanley, T. V. et al. (2008). J Allergy Clin Immunol 122, 788–794.
15Kuitunen, M., Kukkonen, K., Juntunen-backman, K. et al. (2009). J Allergy Clin Immunol 123, 335–341.

tAblE 19.1 (Continued)
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allergy (CMA), received an extensive hydrolysate 
on the base of whey with lgg (5  108 cfu/g  
formula) or without lgg (placebo) on a rand-
omized basis over 4 weeks. determination of AE 
severity has been done by the severity scoring 
index for atopic dermatitis (SCOrAd), which 
included objective and subjective symptoms of AE 
within a scale of 0 to 103 [30]. Clinically, the verum 
group showed a significant improvement of skin 
condition, in comparison to the placebo group 
(–11 points vs –2 points). There was no difference 
in serum concentration of inflammatory cytokines 
(ECP, TnF-, Il-4 and InF-) in the groups, but 
there was a decline of tumor necrosis factor alpha 
(TnF-) in the feces of the probiotic group which 
was not seen in the placebo group.

Similar findings were demonstrated in a ran-
domized, double blind, placebo-controlled trial 
[31], which compared the effects of two different 
probiotic strains. Twenty-seven infants with atopic 
eczema took part in this trial, with an average 
age of 4.6 months (SCOrAd at baseline between 
7–25 points) which previously were exclusively 
breast-fed. The first group received an extensive 
hydrolysate on the base of casein (cEHF), aug-
mented with lgg in a concentration of 3  108 
cfu/g. group 2 received the same formula 
with Bifidobacterium lactis bb12 (1  109 cfu/g).  
The third group received the cEHF without sup-
plementation as placebo. After an 8-week inter-
vention phase the skin condition in both probiotic 
groups improved significantly (p  0.002) in 
comparison to the placebo group.

A danish study group [32] demonstrated in 
a randomized, double blind, placebo-controlled  
cross-over trial a therapeutic effect by giving 
Lactobacillus rhamnosus (2  1010 cfu/day) com-
bined with Lactobacillus reuteri (2  1010 cfu/day) 
to children (1–13 years) with atopic eczema over 
6 weeks. between the intervention phases, a  
6-week wash-out phase was maintained in 
which no supplementation took place. Fifty-six 
percent of patients reported an improvement of 
their atopic eczema after the verum phase ver-
sus 15% of patients after the placebo phase. In 
d. PrObIOTICS
the total sample there was no significant dif-
ference in SCOrAd, but definitely in the sub-
group of sensitized patients (at least one positive 
reaction in the prick test and an increased total 
IgE). The SCOrAd index declined significantly 
in comparison to the not sensitized patients 
(p  0.02). Whilst here as well there was no dif-
ference in the cytokine pattern (Il-2, Il-4, Il-10 
and InF-) to be determined, there was a signif-
icant decline of ECP in the serum of the patients 
after the verum phase.

no therapeutic effects could be demonstrated 
in patients with cows’ milk allergy [9, 18, 29, 33] 
or pre-existing pollen-associated allergies to 
apple (oral allergy syndrome) [34]. There also 
appears to be no evidence as yet that total or 
allergen specific IgE in vivo is reduced by ingest-
ing such microorganisms.

In summary, these trials show that a slight 
improvement in skin condition in children with 
atopic eczema with or without cows’ milk allergy 
can be achieved by probiotic lactic acid bacteria 
(Table 19.2). However, this effect was only dem-
onstrated for a few probiotic strains and only in 
a mild form of atopic eczema (SCOrAd 40). At 
this point in time, the existing findings argue for 
a therapeutic effect expected in IgE-sensitized 
children, not older than 18 months of age, rather 
than in older patients without sensitization.  
A summary of the results of double blind,  
placebo-controlled clinical trials for therapeutic 
use in AE is listed in Table 19.2.

3. PrEbIotIcs

Prebiotics are specific indigestible substances 
that facilitate growth of selective bifidobacteria 
and possibly other microorganisms in the colon 
and therefore achieve health-benefiting effects. 
Prebiotics employed in foods can be divided 
into two main groups:

1. Fructo-oligosaccharides (FOS) are medium- 
and long-chain fructose molecules that 
 And HEAlTH
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Results

Significant SCOrAd6 
reduction; probiotic/
lgg5: –11; placebo: –2

Significant SCOrAd6 
reduction; probiotic/
lgg5: –15; probiotic/
bb12: –16; placebo: –2.6

no significant difference 
in SCOrAd6 reduction. 
note: Statistical 
significant reduction in 
SCOrAd6 was shown 
in the IgE sensitized 
probiotic subgroup

Significant SCOrAd6 
reduction in the 
probiotic group 
(especially in the extent)

no difference in 
SCOrAd6 reduction 
between probiotics and 
placebo group after  
4 weeks’ intervention 
and 8 weeks’ follow-
up. no difference in 
prevalence of CMA3. 
note: Statistical 
significant reduction 
in SCOrAd6 (–35.4 
points) was shown in 
the IgE sensitized lgg5 
subgroup (n  28)
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tAblE 19.2 Clinical outcomes of double blind, placebo-controlled trials with pro- and prebiotic intake for therap

References N (available 
for 
assessment)

Age Study 
population

Intervention 
Probiotics/prebiotics

Dietary 
restrictions 
during 
intervention

Study duration/
design

Majamaa 
1997, Finland1

27 2.5–15.7 
months

AE2 and 
CMA3

wEHF4 with lgg5 
versus wEHF4 
(placebo)

4 weeks

Isolauri 2000, 
Finland7

27 4.6 months 
(median)

AE2 cEHF8 with lgg5 or 
bb12 versus cEHF8 
(placebo)

8 weeks

rosenfeld 
2003, 
denmark9

43 1–13 years AE2 L. rhamnosus 19070–2 
and L. reuteri (dSM 
122460) versus 
placebo

6 weeks (cross-over)
group A: 
6 weeks probiotic
6 weeks wash-out
6 weeks placebo
group b: 
6 weeks placebo
6 weeks wash-out
6 weeks probiotic

Weston 2005, 
Australia10

56 6–18 
months

AE2 L. fermentum VrI-033 
PCC versus placebo

8 weeks

Viljanen 2005, 
Finland11

230 1.4–11.9 
months 
(mean 6.4 
months)

AE2 and 
suspected 
CMA

lgg5 versus a 
mixture of 4 probiotic 
strains (lgg, L. 
rhamnosus lC705, 
Bifidobacterium 
breve bbi99, 
Propionibacterium 
freudenreichii ssp. 
Shermanii JS) versus 
placebo

Elimination 
of cows’ 
milk 
(wEHF4)

4 weeks 
supplementation, 
4 weeks wash-out, 
dbPCFC12 with 
cows’ milk
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(Continued)

Fölst
Hols
germ

eeks no difference in 
SCOrAd between 
probiotic and placebo 
group

Passe
2006

onths Significant reduction 
in total and objective 
SCOrAd6 score in the 
probiotic and symbiotic 
group after 3 months. 
Probiotic: from 39 to 
24; symbiotic: from 39 
to 21; placebo: no data 
available

brou
neth

onths no differences between 
probiotics and placebo 
group

Siste
2006
Zeala

 weeks no difference in 
SCOrAd6 between 
probiotic and placebo 
group. Significant 
SCOrAd6 reduction 
only in the food IgE 
sensitized children
er-
t 2006, 
any13

43 1–55 
months 
(median  
19 months)

AE2 lgg versus placebo 8 w

ron 
, France14

39 2–12 years 
(mean 5.82 
years)

AE2 L. rhamnosus lcr35 
versus L. rhamnosus 
lcr35 and prebiotic 
preparation

no change 
from normal 
diet

3 m

wer 2006, 
erlands15

50 5 months AE2 and 
suspected 
CMA3

wEHF4 with  
L. rhamnosus versus 
wEHF4 with lgg5 
versus wEHF 
(placebo)

wEHF4 3–5 
weeks before 
intervention

3 m

k 
, new 
nd16

59 1–10 years AE2 (IgE 
sensitized)

L. rhamnosus and  
B. lactis versus placebo

12



19. PR
O

B
IO

T
IC

S A
N

D
 PR

EB
IO

T
IC

S IN
 A

T
O

PIC
 EC

ZEM
A

288

d
. Pr

O
b

IO
T

IC
S A

n
d

 H
E

A
lT

H

no difference in 
SCOrAd6 between 
probiotic and placebo 
group. no difference 
in SCOrAd6 in the IgE 
sensitized subgroup

n/ Results
grüber 2007, 
germany17

102 3–12 
months

AE lgg5 versus placebo 12 weeks

1Majamaa, H. & Isolauri, E. (1997). J Allergy Clin Immunol 99, 179–185.
2AE: atopic eczema.
3Cows’ milk allergy.
4wEHF: extensive hydrolysate formula on whey basis.
5Lactobacillus goldin and gorbach.
6SCOrAd: severity scoring index for atopic dermatitis.
7Isolauri, E., Arvola, T., Sutas, Y. et al. (2000). Clin Exp Allergy 30, 1604–1610.
8cEHF: extensive hydrolysate formula on casein basis.
9rosenfeldt, V., benfeldt, E., nielsen, S. d., Michaelsen, K. F. et al. (2003). J Allergy Clin Immunol 111, 389–395.
10Weston, S., Halbert, A., richmond, P. & Prescott, S. l. (2005). Arch Dis Child 90, 892–897.
11Viljanen, M., Savilahti, E., Haahtela, T. et al. (2005). Allergy 60, 494–500.
12dbPCFC: double blind placebo-controlled food challenge.
13Folster-Holst, r., Muller, F., Schnopp, n. et al. (2006). Br J Dermatol 155, 1256–1261.
14Passeron, T., lacour, J. P., Fontas, E. & Ortonne, J. P. (2006). Allergy 61, 431–437.
15brouwer, M. l., Wolt-Plompen, S. A. A., dubois, A. E. J. et al. (2006). Clinical and Experimental Allergy 36, 899–906.
16Sistek, d., Kelly, r., Wickens, K. et al. (2006). Clinical and Experimental Allergy 36, 629–633.
17gruber, C., Wendt, M., Sulser, C. et al. (2007). Allergy 62, 1270–1276.

tAblE 19.2 (Continued)

References N (available 
for 
assessment)

Age Study 
population

Intervention 
Probiotics/prebiotics

Dietary 
restrictions 
during 
intervention

Study duratio
design
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cannot be macerated enzymatically by the 
human organism. Among these are inulin 
and oligofructose mainly used for non-
alcoholic drinks and yogurt.

2. galacto-oligosaccharides (gOS) consist of 
glucose, galactose and diverse amino sugars. 
galacto-oligosaccharides occur naturally, 
mainly in breast milk, and are augmented 
to baby food, primarily in combination with 
fructo-oligosaccharides, by the food industry.

breast milk facilitates the development of the 
microflora of the colon, with bifidobacteria and 
lactobacilli dominating with 90% of the total 
flora. A possible reason for the bifidogene effect 
of breast milk is its high content of galacto- 
oligosaccharides, of which more than 130 dif-
ferent ones have been characterized. Prebiotics 
in the form of soluble fibers such as fructo- and 
galacto-oligosaccharides are augmented to 
infant food, to facilitate a bifidogene flora in the 
colon—as is the case in breast-fed babies [35].

3.1. Health-related Impacts

The food industry suggests a health pro-
moting impact of prebiotics by slogans such as 
‘promotes the body’s own intestinal flora and 
immune defense’ or ‘increases the number of 
useful intestinal bacteria and therefore blocks 
unwanted bacteria and promotes the immune 
defense.’ Inulin and oligofructose are declared 
on the ingredients list as prebiotic ingredients 
(FOS). declarations on dose–response refer to 
a significant increase of bifidobacteria in feces. 
double blind, placebo-controlled trials show 
that this is possible by a 3–4-week diet with 
prebiotic baby food for mature- and premature-
born babies. Mixtures of fructo- and galacto- 
oligosaccharides in a concentration of 0.4–1% 
in ready-to-drink baby food were used [35, 36]. 
With an assumed consumption of 500–1000 ml 
per day, a baby would therefore take in 2–10 g 
oligosaccharides, which is comparable to the 
intake quantity through breast milk [37].
d. PrObIOTICS
To reach a prebiotic effect in adults, the inges-
tion of 4–20 g fructo-oligosaccharides per day 
is necessary. Prebiotic drinks for children and 
adults contain 0.4–0.6% inulin or 0.4–1% oligo-
fructose and, therefore, in most cases are dosed 
too low in order to reach a bifidogene effect 
under normal eating habits.

different to probiotics, the data situation in 
reference to clinically relevant questions for 
prebiotics is humble. It is proven that the con-
sumption of fructo- and galacto-oligosaccha-
rides leads, dependent on dose, to an increase of 
bifidobacteria in feces after 2–4 weeks. Prebiotics 
have (like other fibers) a direct influence on stool 
frequency and consistency.

bifidobacteria are reduced in patients with 
atopic eczema, as well as in allergic and bottle fed 
children [38–40]. There is a randomized, double 
blind, placebo-controlled trial available, which 
shows a reduction in AE prevalence at the age of  
6 months [41] and 2 years [42] in infants who 
receive a wEHF supplemented with FOS and 
gOS, compared to the placebo group (wEHF). 
The authors summarize that gOS/FOS supple-
mentation led to a significant reduction in the 
plasma level of total IgE, Igg1, Igg2 and Igg3, 
whereas no effect on Igg4 was observed. Cows’ 
milk protein specific Igg1 was significantly 
decreased. diphtheria, tetanus, and polio spe-
cific immunglobulin levels were not affected. 
This study shows that gOS/FOS supplementa-
tion is able to modify the antibody profile [43]. 
Immunological effects after vaccinations, or a 
potential prevention of travel diarrhea, could 
not be proved so far [44, 45].

There is a correlation between the quantity of 
bifidobacteria in feces and the severity of atopic 
eczema. Patients with pronounced skin findings 
had significantly less bifidobacteria and more 
often Staphylococcus aureus in the feces than 
patients with milder forms [40].

A direct influence of prebiotics on immuno-
logical parameters is questionable, as these 
indigestible carbohydrates function merely as a 
substrate for colon bacteria. It remains unclear to 
 And HEAlTH
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what extent an indirect influence on the immune 
system is possible by increasing ‘probiotic’ colon 
bacteria by means of prebiotics consumption.

4. oUtlook

The task group ‘Probiotic microorganism cul-
tures in foods’ of the Federal Ministry of Food, 
Agriculture and Consumer Protection points out 
that physiological effective metabolic achieve-
ments in bacteria are, even in vitro, only relevant 
and measurable above the value of 106 cfu (col-
ony-forming units) per gram of food. This quan-
tity is guaranteed by most foodmakers until the 
end of the best before date. Probiotic milk prod-
ucts contain between 103 and 108 cfu/g until the 
end of the printed best-before-date when kept 
refrigerated at 4°C [46].

Physiological and measurable changes in vivo 
show at an ingested quantity of at least 108 cfu 
per day, so that immune modulating effects are 
inducible with a daily ingestion of 100 g probiotic 
yogurt with 106 cfu per gram. To what extent this 
is clinically relevant, remains unanswered as yet. 
So far a noteworthy preventive and therapeutic 
effect with reference to atopic eczema was only 
determined for some strains, especially lgg in 
high concentrations (lyophilic capsule form), 
which cannot be achieved by intake of available 
supplemented foods.

The results from prevention trials are contro-
versial. Whereas the prevention trial from Finland 
showed a 50% reduction in AE, the german study 
did not show any preventive effect with nearly 
the same study design. In contrast, the german 
authors showed that children with recurrent epi-
sodes of wheezing bronchitis were more frequent 
in the lgg group (versus placebo), but no differ-
ence was observed between both groups in total 
IgE concentrations or number of specific sensiti-
zation to inhalant allergens.

Supplementation with probiotic lactic acid 
bacteria can be suggested in high-risk families 
d. PrObIOTICS
for pregnant and nursing women, because of 
the following arguments:

l lgg as specific probiotic strain reduces 
the prevalence of AE in infants of high-risk 
families at the age of 2 and 4 years in Finnish 
population.

l A mixture of probiotics (including lgg) and 
prebiotics seemed to be effective to reduce 
the risk of AE in cesarean-delivered children 
in high-risk families from Finland.

l The risk of developing AE was the same for 
both the probiotic and the placebo group in 
trials which failed to show any preventive effect.

l Exclusively breast-feeding is still highly 
recommended and one protective mechanism 
of lgg seemed to be the immunologic 
change of colostrum and breast milk.

l no adverse events have been reported after 
ingestion of probiotic strains in AE trials, 
neither for the pregnant or nursing women, 
nor for the infant, if the probiotic preparation 
is not heated over 37°C.

l Probiotics, which are used in the clinical trials 
mentioned above, are generally recognized as 
safe for mature infants and children without 
indwelling venous catheters. Even though a 
preventive effect is not yet proven, at least it 
is worth a try for families at risk.

besides general prevention measures, at-risk 
families should be informed about a pre- and 
postnatal supplementation as an additional pre-
vention measure. If at least one first-degree fam-
ily member suffers from an atopic disease, the 
mother can supplement 5  109 cfu lgg in cap-
sules twice a day for 2–4 weeks before expected 
date of delivery as well as a further 6 months 
postnatally, where breast-feeding is highly rec-
ommended. If breast-feeding is not possible, the 
probiotic lactic acid bacteria can be dissolved in 
sterile water, or respectively, in infant formula 
(37°C) and given to the baby directly.

Therapeutically, a supplementation in the 
same concentration is possible for children under 
the age of 18 months with mild to moderate  
 And HEAlTH
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skin findings. However, it has to be noted that 
by giving probiotics, only a slight improvement 
of eczema is anticipated, so that this measure 
can only be supportive in atopic eczema.

The actual data situation is not sufficient for 
evident recommendations for prebiotics at this 
point in time, as confirming studies are still 
outstanding.

5. conclUsIon

Food supplementation with pre- and probi-
otics may reduce the prevalence for the infant in 
high-risk families developing an atopic eczema 
during the first 2 years of life. Those pregnant 
women should be advised to take probiotics 
(lgg) in late pregnancy and the first 6 months 
postnatally during nursing. If breast-feeding 
is not possible, pro- or prebiotics can be sup-
plemented to the infant. There are no known 
adverse reactions and it might prevent atopic 
eczema, especially in neonates after cesar-
ean delivery. Therapeutic use of probiotics to 
improve atopic eczema is only supportive in 
infants 18 months and with IgE sensitization.
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C H A P T E R
1. InTRoDuCTIon

Probiotics are beneficial organisms that can 
be harnessed for therapeutic or prophylactic 
effect [1]. In acute infections, probiotics may 
boost the protection afforded by commensal 
flora through competitive interactions, direct 
antagonism of pathogens, and/or production of 
antimicrobial factors [2]. In other clinical condi-
tions, such as chronic infections and immuno-
suppression, microbe-host signaling is probably 
more relevant to effective probiotic action. Gut 
homeostasis, the maintenance of a ‘balanced’ 
and beneficial flora, requires continual signaling 
from bacteria within the gut lumen, maintaining 
the mucosal barrier while at the same time prim-
ing the gut for responses to injury [3]. Given 
these health-promoting benefits, improving pro-
biotic stress tolerance and the ability to grow 
and survive in foods prior to ingestion and sub-
sequently within the animal host is an important 
clinical goal. This is particularly relevant given 
that many potentially beneficial probiotics often 
29Bioactive Foods in Promoting Health: Probiotics and Prebiotics 
prove to be physiologically fragile; a significant 
limitation in clinical applications [4].

The patho-biotechnology concept [5–7] seeks 
to attain this goal, ultimately leading to the 
development of improved probiotic strains.  
A primary focus of this approach involves 
equipping probiotic bacteria with the genetic ele-
ments necessary to overcome the many stresses 
encountered during the probiotic life cycle (both 
external and internal to the host) as well as ena-
bling probiotics to better deal with invading 
pathogens [8, 9]. This strategy can be divided 
into three distinct approaches (Figure 20.1). The 
first tackles the issue of probiotic storage and 
delivery by cloning and expression of pathogen 
specific stress survival mechanisms (facilitating 
improved survival at extremes of temperature 
and water availability), thus countering reduc-
tions in probiotic numbers which can occur 
during manufacture and storage of delivery 
matrices (such as foods and tablet formulations). 
The second approach aims to improve host colo-
nization by expression of host specific survival 
strategies (or virulence associated factors—such  
3 © 2010, Elsevier Inc. All rights reserved.
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1. Delivery: Engineering
technological
robustness

2. Survival: Improved
competitiveness
in the GI tract

3. Efficacy: Improved
therapeutic/prophylactic
properties

FIguRe 20.1 The patho-biotechnology concept involves three approaches to generating improved probiotic cultures. 
Adapted from sleator and Hill [29].
as the ability to cope with bile; an important 
component of the body’s physicochemical 
defense system) thereby positively affecting the 
therapeutic efficacy of the probiotic. The final 
approach involves the development of so-called 
‘designer probiotics’; strains which specifically 
target invading pathogens by blocking crucial 
ligand-receptor interactions between the patho-
gen and host cell [10].

2. ImpRovIng pRoBIoTIC 
SToRage anD DelIveRy

The most common stresses encountered  
during production of probiotic delivery matrices 
(food and/or tablet formulations) are tempera-
ture and water availability (aw) [11]. The abil-
ity to cope with such stresses is a particularly  
desirable trait in the selection of commer-
cially viable probiotic strains. A common strat-
egy employed by a variety of microbes to deal 
with both low aw and temperature stress is the 
accumulation of protective compounds such as 
betaine, carnitine and proline. These compatible 
solutes help to stabilize protein structure and 
function at low temperatures while preventing 
water loss from the cell and plasmolysis under 
low aw conditions [12].
d. ProbIoTIcs
Improving a strain’s ability to accumulate 
compatible solutes is thus an obvious first step in 
the development of more robust probiotic strains. 
bacteria have evolved sophisticated mechanisms 
for compatible solute accumulation, including 
both uptake and synthesis systems [12]. Indeed, 
the foodborne pathogen Listeria monocytogenes 
(an extensively well-studied pathogen in terms 
of compatible solute accumulation [13]) pos-
sesses three distinct uptake systems (betl, Gbu 
and opuc) and at least one compatible solute 
synthesis system (ProbA). by placing the betL 
gene (encoding the betaine uptake system betl 
[14]) under the transcriptional control of the 
nizin inducible promoter PnisA it was possible to 
assess the role of betl (and thus betaine accumu-
lation) in contributing to probiotic growth and 
survival under a variety of stresses likely encoun-
tered during food and/or tablet manufacture 
[8]. our probiotic of choice, Lactobacillus salivar-
ius Ucc118, exhibits significantly lower betaine 
accumulation levels than L. monocytogenes and is 
correspondingly less physiologically robust than 
the pathogen. As expected, the L. salivarius betL 
strain showed a significant increase in betaine 
accumulation compared to the wild type. Indeed, 
sufficient betl was produced to confer increased 
salt tolerance [8], with growth of the trans-
formed strain occurring at significantly higher 
salt concentrations than the parent (Figure 20.2). 
 And HeAlTH
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Furthermore, the presence of betl resulted in a 
significant improvement in barotolerance. This is 
particularly significant given that high pressure 
processing is gaining increasing popularity as a 
novel non-thermal mechanism of food process-
ing and preservation [15, 16].

3. HoST SpeCIFIC  
ColonIzaTIon anD 

peRSISTenCe

As well as the stresses encountered during 
processing and storage, probiotic bacteria must 
also overcome the physicochemical defenses of 
the host in order to reach the gastrointestinal 
tract in sufficient numbers to exert a beneficial 
effect. In 2007, we demonstrated that betl sig-
nificantly improved the tolerance of the pro-
biotic strain Bifidobacterium breve Ucc2003 to 
gastric juice [9]. Interestingly, in support of this 
observation Termont et al. [17] also reported 
similar results for a L. lactis strain expressing 
the E. coli trehalose synthesis genes, thus sug-
gesting a novel protective role for compatible 
solutes in the gastric environment. Furthermore, 
in line with our previous observations with  
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FIguRe 20.2 Growth of Lb. salivarius betl (black) and 
Lb. salivarius betl– (white) in Mrs with 7% added nacl. 
Adapted from sheehan et al. [8].
d. ProbIoTIcs
L. salivarius Ucc118 [8], a significant osmoprotec-
tive effect was observed following the introduc-
tion of betL into B. breve, allowing significantly 
improved growth of the probiotic in conditions 
similar to those encountered in vivo (1.5% nacl; 
equivalent to the osmolarity of the gut). In addi-
tion, B. breve strains expressing betl were recov-
ered at significantly higher levels than the wild 
type in the feces, intestines and cecum of inocu-
lated animals. Finally, in addition to improved 
gastric transit and intestinal persistence (Figure 
20.3A), the addition of betl improved the clini-
cal efficacy of the probiotic culture; mice fed  
B. breve Ucc2003 (betl) exhibited significantly 
lower levels of systemic infection compared to 
the control strain following oral inoculation with 
L. monocytogenes (Figure 20.3b). Furthermore,  
in vitro bile tolerance of B. breve was significantly 
enhanced by heterologous expression of the  
L. monocytogenes bile resistance mechanism bile 
(Figure 20.4A), a phenotype which most likely 
explains why the bilE strain was recovered at 
significantly higher levels than the control strain 
from the feces and intestines of mice, following 
oral inoculation (Figure 20.4b). In addition, the 
bilE strain demonstrated increased clinical effi-
cacy, reducing oral L. monocytogenes infection in 
mice (Figure 20.5). collectively the data indicate 
that rational genetic manipulation of selected 
probiotic strains can significantly improve deliv-
ery to and colonization of the GI tract [18].

4. expanDIng THe  
paTHo-BIoTeCHnology 
ConCepT By DIReCTeD 

evoluTIon

In addition to an already existing array of use-
ful pathogen derived stress survival systems [4] it 
may be possible to artificially engineer improved 
systems using a directed evolution approach. 
one such approach involves the use of the E. coli 
mutator strain Xl1-red; deficient in three of the 
 And HeAlTH
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primary dnA repair pathways (mutS, mutD and 
mutT), plasmid replication in this strain results 
in a mutation rate ~5000-fold higher than that of 
the wild type. Thus, with each successive gen-
eration, random point mutations (some of which 
are beneficial) are introduced into the gene of  
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FIguRe 20.3 recovery of B. breve betl (closed circles) 
and B. breve betl– (open circles) from female bAlb/c mice 
over 32 days of analysis. (A) Feces for bacteriological analy-
sis were obtained from five mice in each treatment group and 
viable counts of B. breve betl– derivatives were determined. 
(b) listerial infection in the spleens of bAlb/c mice. Animals 
were fed ~109 cfu ml–1 of either B. breve betl or B. breve betl– 
for three consecutive days. The control group was fed Pbs. on 
the fourth day, all animals were infected with ~1011 cfu ml–1 
L. monocytogenes eGd-e. Three days post-listerial infection the 
animals were sacrificed and the numbers of Listeria were deter-
mined. Asterisks represent significant differences.
d. ProbIoTIcs
interest, creating a bank of mutant genes from 
which the most effective can be selected based on 
an improved phenotype (e.g. increased osmotol-
erance, etc.).
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FIguRe 20.4 (A) survival of stationary phase B. breve 
in 1% porcine bile. B. breve bilE (closed circles) and B. breve 
bilE– (open circles). overnight cultures were inoculated 
(3%) into GM17 and Mrs broth containing 1% porcine 
bile. Viable cell counts were performed by serial dilution in 
one-quarter strength ringer’s solution followed by plating 
onto GM17cm5 or rcMcm4, respectively. standard devia-
tions of triplicate results are represented by error bars. (b) 
effect of bilE on the gastrointestinal persistence of B. breve 
bilE (closed circles) and B. breve bilE– (open circles) were 
used for peroral inoculation of female bAlb/c mice (n  5).  
B. breve counts were determined in stools at 48-hour inter-
vals. Adapted from Watson et al. [18].
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We employed this technique to engineer  
proline hyper-producing strains of E. coli with 
a significantly increased ability to tolerate  
elevated osmolarities (Figure 20.6). bacterial pro-
line synthesis from glutamate occurs via three  
enzymatic reactions, catalyzed by -glutamyl 
kinase (GK) (proB product), -glutamyl phos-
phate reductase (GPr) (proA product), and  
1-pyrroline-5-carboxylate reductase (P5c) 
(proC product). For both prokaryotic and 
eukaryotic systems proline synthesis from 
glutamate is regulated by feedback inhibition 
of the first enzyme in the pathway (GK). Thus, 
it is possible to isolate proline hyper-producing  
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FIguRe 20.5 Improved clinical efficacy. Probiotic dos-
ing of bAlb/c mice with B. breve bilE (black) reduces the 
level of subsequent L. monocytogenes infection when com-
pared to the wild type B. breve bilE strain. bacterial growth 
was followed in (A) the liver and (b) the spleen 3 days post 
infection. Adapted from Watson et al. [18].
d. ProbIoTIcs
strains by screening for isolates exhibiting 
reduced proline-mediated feedback inhibi-
tion of GK activity (as a consequence of single-
base-pair substitutions in the proB gene). This 
was achieved by passaging the listerial proBA 
operon through E. coli Xl1-red thus creating  
a bank of randomly mutated proBA operons. 
The resulting gene bank was then transformed 
into E. coli csH26 (a proline auxotroph) and  
successful transformants were screened for  
proline hyper-production. Three independent 
proline overproducing mutants were obtained 
(each carrying point mutations at a different 
location within the proB gene). These strains, 
heterologously expressing the mutated liste-
rial proBA operon, were shown to be consider-
ably more osmotolerant than strains expressing 
the wild type listerial proBA [19]. Thus, while 
complementation with wild type listerial proBA 
offers a significant degree of osmoprotection, 
the bioengineered proBA operon is far more 
effective, proving that the directed evolution 
approach provides a new dimension to the 
patho-biotechnology concept. It is of course 
entirely likely that this directed evolution 
approach may well dispense with the need for 
pathogens altogether as a source of stress sur-
vival systems in favor of selectively enhancing 
the probiotic’s own gene complement.

5. DeSIgneR pRoBIoTICS

Faced with an emerging pandemic of anti-
biotic resistance clinicians and scientists alike are 
now struggling to find viable therapeutic alter-
natives to our failing antibiotic wonder drugs. 
Many disease-causing bacteria exploit oligosac-
charides displayed on the surface of host cells as 
receptors for toxins and/or adhesins, enabling 
colonization of the host and entry of the patho-
gen or secreted toxins into the host cell. blocking 
this adherence prevents infection, while toxin 
neutralization ameliorates symptoms until the 
 And HeAlTH
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FIguRe 20.6 Growth of a proline hyper-producing strain of E. coli expressing a mutated version of the listerial proB 
gene relative to a wild type E. coli in M9 minimal medium of elevated osmolarity. Growth (as determined by turbidity 
using a spectra max 340 spectrophotometer, Molecular devices), was measured both in the presence (closed symbols) and 
absence (open symbols) of 4% added nacl. (,) csH26c control strain, (,) csH26probmut. each point represents the 
mean value of three independent experiments.
pathogen is eventually overcome by the host’s 
immune system. ‘designer probiotics’ have been 
engineered to express receptor-mimic struc-
tures on their surface which fool the pathogen 
into thinking that the administered probiotic is 
in fact their target host cell [10, 20–22]. When 
administered orally, these engineered probi-
otics bind to, and neutralize toxins in, the gut 
lumen and interfere with pathogen adherence 
to the intestinal epithelium—thus essentially 
‘mopping up’ the infection. one such construct 
consists of an E. coli strain expressing a chi-
meric lipopolysaccharide (lPs) terminating in a 
shiga toxin (stx) receptor. one milligram (1 mg) 
dry weight of this recombinant strain has been 
shown to neutralize 100 g of stx1 and stx2 
(20). Paton et al. [21, 22] have also constructed 
probiotics with receptor-blocking potential 
against enterotoxigenic E. coli (eTec) toxin 
lT and cholera toxin (ctx). As well as treating 
enteric infections, ‘designer probiotics’ have also 
been developed to combat HIV. In 2005, rao  
d. ProbIoTIcs 
et al. [23] described the construction of a probi-
otic strain of E. coli, engineered to secrete HIV-
gp41-haemolysin A hybrid peptides which block 
HIV fusion and entry into host cells. When 
administered orally or as a rectal suppository, 
this ‘live microbicide’ colonizes the gut mucosa 
and secretes the peptide in situ, thereby provid-
ing protection in advance of HIV exposure for 
up to a month. other anti-HIV probiotics cur-
rently in development include a genetically 
engineered Streptococcus gordonii which produces 
cyanovirin-n, a potent HIV-inactivating protein 
originally isolated from cyanobacterium, and a 
natural human vaginal isolate of Lactobacillus 
jensenii modified to secrete two-domain cd4 
which inhibits HIV entry into target cells [24].

notwithstanding in vitro and in vivo efficacy 
in animal models, further refinements to the 
receptor-mimic probiotics might be necessary 
before commencement of Phase I clinical trials. 
Patho-biotechnology, the introduction of genes to 
improve resistance to stomach acid, or otherwise 
And HeAlTH
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promote colonization or survival in the gut, for 
example would enable dose regimens to be sub-
stantially lowered, thus providing greater efficacy 
and further cost benefits.

In addition to infection control, probiotics 
(and other non-pathogenic bacteria) are also 
being engineered to function as novel vaccine 
delivery vehicles which can stimulate both 
innate and acquired immunity but lack the  
possibility of reversion to virulence which exists 
with more conventional pathogenic platforms. 
Guimarães et al. [25] described the construc-
tion of a L. lactis strain expressing inlA, encod-
ing internalin A, a surface protein related to 
invasion in L. monocytogenes. In this instance, 
the otherwise non-invasive L. lactis strain is 
now capable of invading the small intestine 
and delivering molecules (dnA or protein) into 
mammalian epithelial cells, making it a safer 
and more attractive alternative to attenuated  
L. monocytogenes as an antigen delivery vehicle.

Probiotic vaccine carriers administered by 
the mucosal route mimic the immune response 
elicited by natural infection and can lead to long- 
lasting protective mucosal and systemic responses 
[26]. Mucosal vaccine delivery (those adminis-
tered orally, anally or by nasal spray) also offers 
significant technological and commercial advan-
tages over traditional formulations including: 
reduced pain and the possibility of cross contami-
nation associated with intramuscular injection as 
well as the lack of a requirement for medically 
trained personnel to administer the vaccine [27].

However, despite their obvious clinical poten-
tial, the use of genetically modified organisms 
in food and medicine raises legitimate concerns 
about their propagation in the environment and 
about the dissemination of antibiotic markers or 
other genetic modifications to other microor-
ganisms. At least some of these concerns might 
be allayed by the implementation of stringent 
bio-containment measures. steidler et al. [28] 
identified the thymidylate synthase (thyA) gene 
as a target gene that combines the advantages 
of passive and active containment systems. 
d. ProbIoTIcs
Thymine auxotrophy involves activation of the 
sos repair system and dnA fragmentation, 
thereby constituting an indigenous suicide sys-
tem. Thymine and thymidine growth depend-
ence differs from most other auxotrophys in 
that absence of the essential component is bac-
tericidal in the former and bacteriostatic in 
the latter. Thus, thyA-deficient bacteria cannot 
accumulate in the environment. This approach 
addresses biosafety concerns on a number of 
levels. Firstly, no resistance marker is required to 
guarantee stable inheritance of the transgene(s), 
thus overcoming any potential problems asso-
ciated with dissemination of antibiotic resist-
ance. secondly, accumulation of the genetically 
modified organism in the environment is highly 
unlikely given that rapid death occurs upon 
thymidine starvation. Finally, should an intact 
thyA be acquired from closely related bacteria 
by means of homologous recombination then 
the transgene(s) would be lost.

6. ConCluSIon anD FuTuRe 
pRoSpeCTS

engineered probiotics thus have the potential 
to alleviate the symptoms of chronic gastrointes-
tinal disorders and associated sequelae, to fight 
infection, modulate the immune system and act 
as delivery vehicles for bioactive molecules [27]. 
notwithstanding these impressive health ben-
efits, probiotic research has really only begun to 
achieve scientific credibility over the last decade 
[29], this despite the fact that Yakult launched 
the first probiotic fermented food drink in Japan 
in 1935; long before the appearance of the first 
commercially available antibiotics.

However, the increasing emergence of antibi-
otic resistance, coupled with a significant decline 
in production of new antibacterials, means that 
probiotics are finally coming of age, represent-
ing a real alternative to traditional drug-based 
therapies [30, 31].
 And HeAlTH
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C H A P T E R
1. IntroDUctIon

The intestinal mucosa or epithelium1 repre-
sents an interface between the internal milieu and 
the outside world. It serves two vital functions: 
a transport function, such as the absorption of 
nutrients or secretion of electrolytes and water, 
and a barrier function, protecting the host against 
the uptake of unwanted substances, toxins and 
microorganisms, and against the loss of autoch-
thonous substances or back diffusion of ions.

Transport and barrier functions in the gastro-
intestinal tract (GIT) can be compromised by 
stress, injury or by pathogenic microorganisms, 
which act by releasing toxins or by adhering to 
the epithelial cells and activating a myriad of 
signaling pathways. These pathways sometimes 
lead to severe changes in physiological func-
tions such as: a) the disruption of tight junction 

1In transport physiology, the term ‘epithelium’ is com-
monly used instead of mucosa.
30n Promoting Health: Probiotics and Prebiotics 
(TJ) barrier structure and function; b) the induc-
tion of fluid and electrolyte secretion; and c) the 
activation of the inflammatory cascade [1].

The destruction of the integrity of intercel-
lular TJs by pathogens is generally achieved 
by either influencing specific TJ proteins or by 
affecting the cytoskeleton [1]. The increased  
permeability allows bacteria and foreign anti-
gens to enter the subepithelial layers, activating 
the immune cells of the lamina propria with the 
consequent induction of inflammatory reac-
tions. These include the secretion of pro-inflam-
matory cytokines, e.g. tumor necrosis factor 
(TNF), that can affect the TJ proteins and thus 
promote further leakiness [2, 3]. Furthermore, 
intestinal pathogens can dramatically change 
the transport properties of the epithelium by 
inhibiting absorptive mechanisms and by stimu-
lating Cl, Na, and water secretion without 
influencing epithelial integrity [4].

The mechanisms of action of pathogenic bac-
teria and pathogen–epithelial crosstalk have 
been studied extensively over the last few years, 
3 © 2010, Elsevier Inc. All rights reserved.
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and new perspectives for therapeutic regimens 
have been proposed. These perspectives include 
a growing interest in the role of potentially 
beneficial microbes in the GIT, viz., probiotics, 
which comprise various species such as lacto-
bacilli, bifidobacteria, or aerobic spore-forming 
bacteria, or yeasts such as Saccharomyces [5, 6]. 
Probiotics have been proven to have beneficial 
effects in diseases involving the deterioration of 
transport or barrier functions as in acute infec-
tious diarrhea in children [7], traveler’s diarrhea 
[8], antibiotic-associated diarrhea, Clostridium 
difficile disease [9], and necrotizing enterocolitis 
in preterm children [10]; and they have shown 
promising results in the treatment of inflamma-
tory bowel disease [11]. In most cases, however, 
the underlying mechanisms and signaling path-
ways of the effects of the probiotics are not clear 
or only partly understood. results from scien-
tific studies will be compiled here and summa-
rized to show the current state of knowledge 
and to encourage proposals and suggestions for 
future research.

a short introduction to the physiological  
barrier and transport functions of epithelia and 
to the parameters and experimental methods 
used to characterize these functions is given 
first.

1.1. Anatomical structure of the 
intestinal barrier

The intestinal barrier is a function of the total 
mucosa rather than a defined physical structure 
[12], comprising not only physical or anatomi-
cal components, but also immunological compo-
nents. This chapter mainly focuses on histological 
and electrophysiological aspects of the intestinal 
barrier. Immunological aspects are presented in 
other chapters of this book.

The structure of the intestinal barrier includes, 
from the lumen to the blood side: a) the indige-
nous microbiota; b) the mucus layer; c) epithelial 
d. ProbIoTICs
cells; and d) the subepithelial compartment with 
a variety of cells including immune cells.

The indigenous microbiota contributes essen-
tially to the intestinal barrier by preventing 
mucosal colonization by pathogens and by regu-
lating immune responses, antimicrobial protein 
expression, and repair functions [13–15].

The protective mucus layer consists of secreted 
products such as mucin glycoproteins, trefoil 
peptides, and surfactant phospholipids secreted 
by the goblet cells. It acts both as a lubricant for 
the ingesta and as a barrier for microorganisms 
by preventing direct contact with the epithelial 
cells. Changes in the mucus content or structure 
affect barrier function [16–18].

The intestinal epithelium consists of a single 
layer of columnar epithelial cells that are inter-
connected by a series of intercellular junctions: 
TJ or zonulae occludentes, adherens junctions, 
desmosomes, and gap junctions. The most api-
cally located TJs determine paracellular permea-
bility. They are composed of: 1) transmembrane 
proteins (occludin, claudin(s) and junctional 
adhesion molecule-1); 2) adaptor proteins, e.g. 
the cytoplasmic zonula occludens proteins Zo-1,  
-2 and -3; 3) regulatory proteins, e.g. protein 
kinase C (PKC): and 4) transcriptional and post-
transcriptional regulators, e.g. symplekin (see 
Figure 21.1). The transmembrane proteins seal 
the intercellular space and form selective paracel-
lular pores. The adaptor proteins bind to the cyto-
plasmic tails of the transmembrane proteins and 
link the TJ to the actin cytoskeleton [3, 19, 20].  
The structure of the intercellular junctions is 
not static, and the function of these junctions is 
dynamically regulated in health and disease [21].

1.2. Electrical resistance and transport 
Pathways Across Intestinal Epithelia

Two transport pathways lie across the  
single-layered epithelium of the intestine (see 
Figure 21.2): 1) a transcellular pathway across 
 aNd HealTH
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Regulatory proteins
For example, Rab 13, Rab3B,
G proteins, aPKC,
PP2A and PTEN

Actin filaments

Transcriptional and
post-transcriptional regulators
For example, symplekin,
ZONAB and huASH1

Adaptors
For example, ZO-1, -2, -3,
MAGI-1, -2, -3,
PAR3/6, cingulin, Pals,
PATJ and MUPP1

Transmembrane
proteins
For example, JAMs,
claudins and occludin

FIGUrE 21.1 The composition of tight junctions. The biochemical composition of epithelial tight junctions (TJs) is out-
lined. For simplicity, the junctional components have been grouped into transmembrane proteins, adaptors, regulatory pro-
teins, and transcriptional and post-transcriptional regulators. although examples are given for each group, the list provided 
is not complete […]. a comprehensive list of TJ components can be found in reviews by d’atri and Citi [d’atri, F. & Citi, s. 
(2002). Molecular complexity of vertebrate tight junctions (review). Mol Membr Biol, 19, 103–112] and Tsukita et al. [Tsukita, 
s., Furuse, M. & Itoh, M. (2001). Multifunctional strands in tight junctions. Nat Rev Mol Cell Biol, 2, 285–293]. It should be 
noted that some of the components that are thought to become recruited to TJs do not localize exclusively to TJs, but can also 
localize to the nucleus (for example, huasH1 and ZoNab) or to other areas of the plasma membrane (for example, PTeN, 
PP2a and heterotrimeric G proteins). In addition, many TJ components interact directly or indirectly with actin filaments. 
aPKC, atypical protein kinase C; huasH1, human absent, small or homeotic discs 1; JaMs, junctional adhesion molecules; 
MaGI, Membrane-associated guanylate kinase inverted; MUPP1, multi-PdZ domain protein 1; Pals1, Protein associated 
with lin-7 1; Par, Partitioning defective; PaTJ, Pals1-associated tight junction protein; PP2a, protein phosphatase 2 a; PTeN, 
phosphatase and tensin homologue; Zo, zonula occludens; ZoNab, Zo-1-associated nucleic-acid binding [19].
the apical and basolateral membrane; and 2) 
a paracellular pathway across the TJ and the 
intercellular space [22].

The traditional electrophysiological param-
eter of epithelial barrier function is its tissue or 
transepithelial electrical resistance (rt). The elec-
trical resistance (r) is a ratio reflecting the degree 
to which an object opposes an electric cur-
rent through it, measured in ohms. Its inverse 
value is its conductance (G). rt is composed of a  
d. ProbIoTICs
paracellular resistance (rs), which consists of  
the resistance of the TJ (rTJ) and the resistance 
of the intercellular space (rICs), and a cellular 
resistance (rc), which consists of the resistance 
of the apical membrane (ra) and the resistance 
of the basolateral membrane (rb) [22, 23].

Transcellular and paracellular fluxes across 
intestinal epithelia are closely controlled by mem-
brane pumps, ion channels, and TJs, which adjust 
permeability to physiological needs [12].
 aNd HealTH
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FIGUrE 21.2 Two permeation routes across epithelia, the transcellular resistance (rc) and resistance of paracellular 
shunt path (rs), operate in parallel. rc and rs each contain two resistances in series: ra and rb are resistances of apical and 
basolateral cell membranes, respectively, while rTJ and rICs are resistances of tight junction proper and intercellular space, 
respectively. relations between resistances and conductances (G) are given by simple electrical circuit analysis [22].
1.3. Methods for the Measurement of 
transport and Barrier Functions

The assessment and characterization of trans-
port and barrier functions of epithelia make use 
of a variety of methods:
1. measurement of the electrophysiological 

parameters:
l  transepithelial electrical resistance (rt or 

Teer)
l  transepithelial potential difference (Pdt)
l  short circuit current (Isc);

2. flux rate measurement of radioactive 
markers;

3. sugar tests;
4. passage of macromolecules;
5. determination of bacterial translocation.
d. ProbIoTICs
Method 1. The classical method for in vitro 
studies on electrophysiological parameters of 
epithelia is the Ussing chamber technique [24]. 
The rationale of this method is the measure-
ment of transport rates of ions or nutrients in 
the absence of passive driving forces. The usual 
parameters involved in this method are rt (or 
Teer), Pdt, Isc, and transport rates of radio-
actively labeled ions or nutrients. active and 
passive transport mechanisms can be distin-
guished, and under special experimental condi-
tions, trans- and paracellular transport rates can 
be differentiated. Isc is a measure of the active 
electrogenic ion transport across the epithelium.

a common method to assess the barrier func-
tion of cell monolayers is the measurement of 
Teer with a voltohmmeter. The principle of 
 aNd HealTH
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this measurement is similar to that of the Ussing 
chamber technique but it is less elaborate, so 
that only information about Teer (or Pdt) can 
be obtained. For this kind of measurement, cells 
have to be grown on special cell culture inserts 
where they can develop differentially with an 
apical and basolateral side.

Method 2. Flux rate measurements can be 
conducted with radioactively labeled ions 
or markers for transcellular or paracellular 
transport, e.g. 36Cl for Cl secretion or 51chro-
mium-labeled ethylenediaminetetraacetic acid 
(51CredTa) for permeability.

In uptake experiments, the uptake of a sub-
stance into cells within a defined period of time 
is determined, e.g. 3H-glucose to assess absorp-
tive capacities.

Method 3. Tests to measure intestinal perme-
ability non-invasively in vivo have been devel-
oped [25, 26]. The basic idea behind these tests 
is that the urinary excretion of an orally applied 
probe reflects the non-mediated diffusion of 
that probe across the intestinal epithelium. Many 
substances such as monosaccharides, oligosaccha-
rides, 51CredTa, and polyethylene glycol (PeG) 
have been used for this purpose.

after administration of the test substances 
orally to subjects, urinary excretion over a  
5-hour period is measured. because many factors 
other than mucosal permeability can affect the 
results, the so-called dual sugar test is employed. 
Intestinal permeability is calculated from the uri-
nary excretion ratio of two substances (mostly 
disaccharide/monosaccharide) as a percentage of 
the initially applicated value [25].

However, only gastric and small bowel perme-
ability can be measured by this method because 
lactulose and monosaccharides are fermented in 
the colon. In order to obtain a measure for whole 
gut permeability, the dual sugar test has been 
expanded to a triple sugar test, which is still con-
troversial. This test includes sucralose, which is 
not fermented in the colon [26].
d. ProbIoTICs
Method 4. The passage of macromolecules of 
various sizes can be measured by low and high 
molecular weight markers such as the macromo-
lecular conjugate probe 10-kda dextran, measured 
by its fluorescence, or horseradish peroxidase, 
measured by its enzymatic activity.

Method 5. bacterial translocation has been 
measured to assess intestinal barrier integrity 
and is defined as the passage of bacteria from 
the intestine to extraintestinal sites such as the 
mesenteric lymph nodes or blood. Under physi-
ological conditions, such translocation occurs at 
a low rate. bacterial translocation is mainly pro-
moted by bacterial overgrowth, defects in the 
integrity of the mucosal barrier, and the dys-
function of the immune response [27].

2. ProBIotIcs AnD  
trAnsPort

The application of probiotics in human and 
animal nutrition is very common, the main inter-
est up to now being the prevention or attenuation 
of changes associated with pathologic processes 
in which amongst others absorptive function is 
abrogated or secretion is pathologically enhanced. 
However, only a small number of studies have 
been carried out to characterize the effects of pro-
biotics on transport properties of the intestine. 
This is surprising because obvious benefits in 
human and animal health and improved weight 
gain and feed conversion in farm animals have 
been reported, which suggest that the underlying 
mechanisms of these positive effects are related to 
the transport properties of the intestine.

2.1. Probiotic Effects on Absorption

The positive influences of probiotics on 
absorptive GIT functions imply almost inherently 
pro-absorptive effects on nutrients and ions, e.g. 
on Na/glucose cotransport or Ca2 absorption.
 aNd HealTH
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2.1.1  Na-coupled Glucose Transport

In pigs supplemented with the probiotics  
Saccharomyces boulardii, Bacillus cereus var. 
toyoi, or Enterococcus faecium NCIMb 10415, an 
enhancing effect on Na/glucose cotransport 
in the jejunum has been observed in vitro with 
the Ussing chamber technique and in uptake 
studies with brush border membrane vesicles 
[28–30].

The Na/glucose cotransport in weaners  
(young pigs between weaning and 6 months 
of age) fed with the probiotic S. boulardii for 
8 days or with B. cereus var. toyoi for 21 days  
is significantly higher than that of controls  
[28, 30]. likewise, in the jejunal epithelia from 
piglets aged 14, 28, 35, and 56 days supple-
mented with E. faecium NCIMb 10415, the 
Na/glucose cotransport tends to be higher 
[29]. However, the enhancing effect of B. cereus 
var. toyoi observed in weaners has not been con-
firmed in a study with intestine from piglets 
aged 14, 28, 35, and 56 days [31].

Protection of absorptive function when toxic 
substances are included in feed has been shown 
in a study with broiler chickens [32]. The add-
ition of Eubacterium sp. dsM 11798 prevents  
the deoxynivalenol-induced decrease in Na-
coupled glucose absorption [32].

similarly, the decrease of Na-coupled glu-
cose uptake after proximal enterectomy can be 
prevented by S. boulardii. This is paralleled by 
a two-fold increase in the expression of sGlT-1 
protein, the main Na-coupled glucose trans-
porter in the small intestine [33].

2.1.2  Na-coupled Amino Acid Transport

Na-coupled l-glutamine transport tends to 
be higher in the jejunum of piglets supplemented 
with E. faecium NCIMb 10415 and B. cereus var. 
toyoi [29, 31]. likewise, the uptake of the amino 
acid alanine is increased after administration 
of S. boulardii and B. cereus var. toyoi to weaned 
pigs [30].
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2.1.3  Na Transport

some of the effects of probiotics on absorptive 
function seem to be time-dependent. In a study on 
the time course of the effects of S. boulardii on pig 
jejunum a reduced electrogenic net ion transport, 
which has been attributed to the reduced Na 
flux from the mucosal to serosal side (Jms Na), 
has been observed at day 8 of probiotic supple-
mentation [34]. However, at the other time points 
(3 days, 16 days) measured in this study, no such 
effect has been observed. This effect on the Na 
flux has not been seen in a similar study [35].

No changes in Na flux rates have been meas-
ured in pigs supplemented with Bacillus cereus 
var. caron or B. cereus var. toyoi for 21 days [35].

Protection against the pronounced reduction 
in Na absorption induced by dextran sulfate 
sodium (dss) is provided by Escherichia coli 
Nissle 1917 in a mouse model of colitis [36].

2.1.4  Ca2 Transport

Probiotics have also been applied to optimize 
calcium availability from foods. Lactobacillus sali
varius has an enhancing effect on Ca2 uptake 
in Caco-2 cells (human epithelial intestinal cells 
from colorectal adenocarcinoma). Transepithelial 
Ca2 transport and transepithelial resistance are 
unaffected by incubation for 6 or 24 hours with 
L. salivarius, but Ca2 uptake is significantly 
higher after a 24-hour incubation [37], whereas 
Bifidobacterium infantis has no effect; no explana-
tion for the discrepancy between the increase 
of Ca2 uptake and unchanged transepithelial 
transport is given by the authors. a stimula-
tion of transepithelial Ca2 transport by several 
lactobacilli has been observed in a study with 
Caco-2 cells by brassat and Vey [38]. a possible 
explanation for the enhancing effect on Ca2 
transport has been provided by Vinderola et al. 
[39] who have observed the enhanced expres-
sion of Ca2 channels (TrPV6) in the duode-
num of mice treated with supernatant from milk 
fermented by Lactobacillus helveticus r389.
 aNd HealTH
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2.1.5  Peptide Transport

S. boulardii and B. cereus var. toyoi have a stim-
ulating effect on the proton-dependent dipeptide 
transport with glycyl-l-sarcosine and glycyl-l-
glutamine in the jejunum of pigs [28].

similar results have been obtained in a study with 
Caco-2 cells. a 48-hour Lactobacillus casei treatment 
resulted in a significant increase in human intes-
tinal oligopeptide-transporter hPePT1-mediated  
glycyl-sarcosine uptake, compared with the con-
trols [40].

2.1.6  Cl/OH Exchange

Lactobacillus acidophilus and Lactobacillus rham
nosus dose-dependently stimulate apical Cl/
oH exchange (50%) in Caco-2 cells. The sur-
face expression of the predominant transport pro-
tein for Cl/oH exchange, slC26a3, increases 
in parallel. The filtered supernatant of L. acido
philus has the same effect. other Lactobacillus 
species (L. casei, Lactobacillus plantarum) or heat-
killed bacteria are ineffective [41].

2.2 Probiotic Effects on secretion

Many enteric pathogens induce diarrhea by 
enhancing the secretion or inhibiting the absorp-
tion of electrolytes by enterocytes [4]. because 
probiotics have shown antidiarrheal effects, for 
example, in acute infectious diarrhea in children 
[7], traveler’s diarrhea [8] and C. difficile disease 
[9], studies have been designed to investigate 
the effects of probiotics on the secretory prop-
erties of epithelia. In the studies quoted below, 
the probiotics change either the basal secretion 
or the responses to so-called secretagogues or 
both. Furthermore, the probiotics prevent patho-
logical secretion elicited by pathogenic bacteria 
or noxious agents. Most of the studies have been 
conducted in animal models or with cell culture.

In many of the studies, secretagogues  
have been used that act by mainly inducing 
Cl and water secretion. secretagogues such as 

prostaglandin e2 (PGe2), vasoactive intestinal 
peptide (VIP), and theophylline induce receptor 
and forskolin non-receptor-mediated elevation 
of intracellular cyclic 3,5-adenosine monophos-
phate (caMP) levels. These cyclic nucleotides 
influence various electrolyte-transporting steps 
in epithelia; in the intestine, they mainly induce 
a rise in Cl secretion. Prostacyclin (PGI2) 
induces Cl secretion via a change in the intrac-
ellular Ca2 concentration.

2.2.1  Effects on Basal Secretion

In most studies, basal Cl secretion under 
physiological conditions is not affected by probi-
otic treatment. supplementation of pigs with S. 
boulardii, B. cereus var. caron, or B. cereus var. toyoi 
has no effect on Cl secretion [34, 35]. likewise, 
in T84 cells (human intestinal epithelial cells from 
colorectal carcinoma) pretreated with medium 
conditioned by S. boulardii2, no effect has been 
observed on Cl fluxes [42]. In HT29/cl.19a cells 
(human intestinal epithelial cells from colorectal 
adenocarcinoma) infected with a combination of 
Streptococcus thermophilus and L. acidophilus, no 
effect has been detected on the expression of cystic 
fibrosis transmembrane conductance regulator 
(CFTr) [43]. However, Krammer and Karbach [44] 
have noted an acute effect of S. boulardii in vitro. 
Chloride absorption is significantly increased 
under basal conditions in rat jejunum or colon.

2.2.2.  Effects on Secretagogue-induced 
Secretion

The effects of S. boulardii have been exten-
sively investigated in studies of secretagogue-
induced secretion. Krammer and Karbach [44] 
have used the yeast in vitro to test its acute effects.  
In isolated jejunum of rat, S. boulardii turns  

2. PROBIOTICS AND TRANSPORT

2Medium conditioned by Saccharomyces boulardii was 
prepared as follows: supernatant of stationary growth 
cultures was cleared by centrifugation, dialyzed against 
succinic acid, and cryoconcentrated.
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PGe2-induced caMP-mediated Cl secretion 
into Cl absorption by stimulating mucosal-to-
serosal Cl transport. In the colon, treated with 
the Ca2-mediated agonist PGI2 to stimulate Cl 
secretion, it additionally normalizes the serosa-
to-mucosa Cl flux. Therefore, the authors have 
concluded that S. boulardii acts on Cl secretion 
by two distinct mechanisms.

T84 cells are stimulated by various agonists that 
induce an increase in caMP levels, such as PGe2, 
VIP, and forskolin, or that act via the Ca2-medi-
ated pathway, as does carbachol. Pretreatment 
with medium conditioned by S. boulardii reduces 
the Cl secretion evoked by the caMP pathway 
by 40–50% and inhibits the Cl secretion induced 
by the Ca2 signaling pathway [42].

a similar effect has been seen in two feeding 
trials with pigs supplemented with S. boulardii 
for 8 days. The secretory response of the isolated 
jejunum to theophylline is attenuated by 50–60% 
[34, 35]. In line with an antisecretory response, 
studies with pigs supplemented for 21 days with 
B. cereus var. caron have demonstrated a signifi-
cant and, with B. cereus var. toyoi, a slight decrease 
in the secretory response [35]. Moreover, E. coli 
Nissle 1917 supplementation to pigs reduces the 
forskolin-stimulated Isc response by 55% com-
pared with that in control pigs [45].

However, no effects on forskolin-stimulated 
Isc have been seen in colons of mice treated with 
E. coli Nissle 1917 [36], in colons of mice treated 
with Vsl#33 for 4 weeks [46], and in Caco-2 cells 
incubated with L. plantarum [47]. S. thermophilus 
and L. acidophilus have no effect on bt2-caMP-
stimulated and on 8br-guanosine 3, 5-cyclic 
monophosphate (cGMP)-stimulated Cl secre-
tion in HT29/cl.19a, Caco-2, or T84 cells [48].

by contrast, stimulating effects of probiotics 
on secretory properties have also been reported. 
In two feeding trials with piglets supplemented 

with either B. cereus var. toyoi or E. faecium 
NCIMb 10415 for 56 days, the PGe2-stimulated 
Isc in jejunal epithelia is higher in the probiotic 
group than in the control group around the time 
of weaning [29, 31]. These results are in accord-
ance with a study by leonhard-Marek et al. [49] 
who have observed a tendency for a higher Isc 
response to forskolin in the jejunum of pigs sup-
plemented with E. coli Nissle 1917, and a higher 
increase in Isc induced by carbachol, after sup-
plementation with S. boulardii.

This increase in the secretory response should 
not be interpreted as a negative effect because 
the enhancement of secretion into the intesti-
nal lumen, as long as it remains within certain 
limits, can have positive effects. It facilitates the 
mixing of the ingesta with fluid and enzymes, 
with a probable beneficial effect on digestion 
and absorption [50], and flushes the intestine to 
prevent colonization by enteric pathogens [51].

2.2.3  Prevention of Secretion in  
Pathological States

enteric pathogens or noxious substances use 
various signaling pathways to affect the secretory 
or absorptive properties of intestinal mucosa. 
These effects elicited by pathogens can be modu-
lated by probiotics.

Infectious Pathogens
1. Vibrio cholera. Pretreatment with medium 

conditioned by S. boulardii reduces the 
Cl secretion in T84 cells stimulated with 
cholera toxin from V. cholera [42]. This 
toxin activates cellular adenylate cyclase, 
leading to a rise in intracellular caMP levels, 
which induces the secretion of Cl [52]. an 
inhibitory effect on cholera-toxin-induced 
water and Na secretion has even been 
observed when S. boulardii is added after the 
application of the cholera toxin in intestinal 
loops of rat jejunum [53]. Irradiation and 
heating of S. boulardii does not abolish its 

3a mixture of B. longum, B. breve, B. infantis, L. casei, L. 
plantarum, L. acidophilus, Lactobacillus delbrueckii subsp. 
bulgaricus, and Streptococcus salivarius subsp. thermophilus.
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antisecretory effect, whereas the supernatant 
obtained after the centrifugation of living or 
irradiated cell suspensions has no inhibitory 
effect.

2. C. difficile toxin A. S. boulardii and, equally, 
its filtered conditioned medium attenuates 
the fluid secretion induced by C. difficile 
toxin a in rat ileum [54].

3. E. coli heat-labile toxin. S. boulardii also 
brings about a protective effect against  
E. coli heat-labile toxin, which increases Cl 
secretion via caMP activation in enterocytes. 
Its conditioned medium inhibits the toxin-
induced increase in the caMP level in 
human intestinal HT29-d4 cells [55].

4. E. coli Abbotstown. In a piglet model of 
intestinal infection, E. coli abbotstown has 
been used to induce mild secretory diarrhea 
without changes in epithelial structure [45]. 
supplementation of the piglets with E. coli 
Nissle 1917 for 10 days prevents all the 
clinical signs of diarrhea seen in animals 
infected solely with E. coli abbotstown. In 
addition, jejunal epithelia from pigs infected 
solely with E. coli abbotstown show a 
significantly higher secretory response upon 
stimulation with forskolin than the controls. 
Pretreatment with E. coli Nissle 1917 reduced 
the response to forskolin to that of control 
animals.

5. Enteropathogenic E. coli (EPEC). In a 
Caco-2 cell model, preincubation with the 
probiotic strain L. plantarum reduces the 
increase in Isc elicited by ePeC infection 
[47]. This effect is diminished when the cells 
are coinfected with the probiotic, and no 
effect is seen when the probiotic is added 
after incubation with ePeC. The Isc response 
induced by ePeC is caused by Cl secretion 
and possibly by an influx of Na and amino 
acids into host cells.

6. Enteroinvasive E. coli (EIEC). 
Pretreatment with a combination of live  
S. thermophilus and L. acidophilus completely 
d. ProbIoTICs
prevents the increase in Cl secretion 
induced by eIeC in HT29/cl.19a and Caco-2 
cells. The eIeC-induced increase in Isc is not 
reduced when eIeC and the probiotics are 
added simultaneously, or when the cells are 
exposed to the probiotic after infection with 
eIeC [56].

Model  Colitis Interleukin-10 (Il-10)-deficient 
mice develop spontaneous colitis. The colon 
of these mice exhibits significant reductions of 
basal Isc and Pdt compared with age-matched 
controls and a 90% reduction in Isc in response 
to forskolin, which has been attributed by the 
authors to an impairment of caMP-dependent 
Cl secretion. after 4 weeks of treatment with 
Vsl#3, baseline Isc and Pdt and Isc responses 
to forskolin are normalized [46]. similar results 
have been obtained with a mouse model in 
which sepsis is induced by the injection of 
lipopolysaccharide (lPs) and d-galactosamine. 
The reduced Isc response to forskolin has not 
been observed when mice are pretreated with 
Vsl#3 [57].

Stress In a rat model of chronic psychological 
stress, water-avoidance stress induces excess ion 
secretion and an increase of tissue conductance 
in the ileum and colon. The application of the 
combination of the strains L. rhamnosus and L. 
helveticus inhibits the increase in Isc in the ileum 
but has no effect on Isc in the colon [58].

Cytokines Interferon- (IFN-) inhibits forsko-
lin-stimulated Cl secretion and down-regulates 
the protein expression of the Cl channel CFTr 
and the NaK2Cl cotransporter (NKCC1) 
in HT29/cl.19a cells. This is prevented by live  
S. thermophilus and L. acidophilus or the commen-
sal Bacteroides thetaiotaomicron. The latter can, 
however, only partially counteract transporter 
down-regulation [43].
 aNd HealTH
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3. ProBIotIcs AnD BArrIEr 
FUnctIon

The possible protective effects of probiotics on 
intestinal permeability have raised considerable 
interest, because a loss of barrier function 
(increase of permeability) is involved in the 
pathogenesis of many gastrointestinal diseases 
such as intestinal infections with pathogenic 
E. coli, inflammatory bowel diseases, and even 
sepsis.

Most of the studies of the impairment of bar-
rier function have been conducted in animal 
models or cell culture. although many clinical 
trials in humans have established the preven-
tive or curative effects of probiotics on diseases 
involving changes in intestinal barrier integ-
rity, only a few studies have actually measured 
parameters associated with intestinal permeabil-
ity. some researchers have examined the effect 
of probiotics per se, i.e. without a pathophysio-
logical background; the majority of research has 
been performed on deteriorated barrier function 
in states of disease.

3.1. Animal studies and clinical trials

3.1.1  Per se

application of probiotics in the absence of 
a pathophysiological challenge has, in most of 
the studies, either an enhancing or no effect on 
the barrier function of intestinal epithelia (see 
Table 21.1).

The positive effect of probiotics, a reduced 
permeability, appears to be mediated by sev-
eral mechanisms. on the one hand, probiotics 
can influence the production of mucin by goblet 
cells, thereby inhibiting the adhesion of patho-
genic bacteria. This has been seen in the study 
of Caballero-Franco et al. [59] in which Vsl#3 
significantly stimulates colonic mucin (MUC) 
secretion and the expression of the MUC2 
(the major secreted gel-forming mucin) gene. 
d. ProbIoTICs
Furthermore, probiotics also have a stabilizing 
effect on TJs, for example, by up-regulating TJ 
proteins. application of E. coli Nissle 1917 spe-
cifically up-regulates Zo-1 expression in intes-
tinal epithelial cells at the mrNa and protein 
levels in gnotobiotic mice [36].

3.1.2  Colitis

Colitis  Models. animal colitis models are 
often used to study human diseases, such as 
inflammatory bowel disease. They complement 
and expand clinical studies on patients but can-
not reproduce the complexity of the diseases, 
merely some aspects of it.

Trinitrobenzene Sulfonic Acid (TNBS)-
induced Colitis. In various studies, probiotics 
have had positive effects on TNbs-induced coli-
tis as a model of Crohn’s disease. Pretreatment 
with Lactobacillus farciminis reduces colonic 
permeability in rats as measured by 51CredTa 
fluxes [60]. The translocation of endogenous 
microflora to mesenteric lymph nodes, liver, 
and spleen is decreased when mice are pre-
treated with L. plantarum NCIMb8826 (decrease 
by 105-fold) or with Lactococcus lactis MG1363 
(decrease by 103-fold) [61] and when rats are 
pretreated with L. casei [62]. L. plantarum spe-
cies 299, however, does not improve intestinal 
permeability, as measured by radiolabeled PeG 
[63]; this might be because the probiotic was 
administered 24 hours after the induction of col-
itis and not in advance, as in the other studies.

IL-10 Knockout (IL-10/) Model of Colitis.  
L. plantarum species 299 has been found to 
improve gut permeability in an Il-10 knockout 
mouse model of colitis, which serves as another 
model for human Crohn’s disease (Kennedy et al., 
2000 according to [64]). This effect has also been 
seen after 4 weeks of treatment with Vsl#3, which 
completely normalizes formerly enhanced manni-
tol fluxes in Il-10-deficient mice [46].
 aNd HealTH
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tABlE 21.1 The effects of various probiotic strains, alone or in combination, on intestinal permeability measured in 
animal models

Probiotic Experimental model Method to assess permeability Permeability Reference

B. cereus var. toyoi rat colon 51CredTa flux ↓ [60]

Bacteroides fragile rat colon loop Mannitol flux

dextran flux

↓1

→

2

E. faecium NCIMb 10415 Pig mid-jejunum Mannitol flux → [29]

E. coli Nissle 1917 Pig mid-jejunum Mannitol flux ↓ [45]

Lactobacillus brevis rat colon loop Mannitol flux

dextran

↓

→

2

L. farciminis Pig mid-jejunum Mannitol flux ↓ [35]

L. plantarum 299v rat small intestine Mannitol flux → [81]

L. rhamnosus    L. helveticus rat distal colon Horseradish peroxidase flux → [72]

S. boulardii Pig mid-jejunum Mannitol flux ↓ [35]

Vsl#3 Mouse colon Mannitol flux ↓ [46]

Vsl#3 Mouse colon Mannitol flux ↓ [57]

Various methods to assess permeability were used. The symbols indicate: ↓ a decrease, → no effect, and ↑ an increase of 
intestinal permeability.
1Not statistically significant.
2Garcia-lafuente, a., antolin, M., Guarner, F. et al. (2001). Modulation of colonic barrier function by the composition of the 
commensal flora in the rat. Gut, 48, 503–507.
a reduction or normalization of colonic per-
meability can be seen both with acute treatment 
(4 hours) with B. infantis and following long-
term (4 weeks) oral application [64].

However, neither prophylactic nor therapeu-
tic treatment with L. salivarius subsp. salivarius 
433118 (UCC118) alters Teer or mannitol fluxes 
in the colon of Il-10 2/ 2 mice compared to con-
trol mice [66].

Dextran Sulfate Sodium (DSS)-induced 
Colitis. administration of dss causes acute 
colitis with disintegration of the epithelium and 
inflammatory infiltrates, which resembles the clin-
ical and morphological features of human ulcera-
tive colitis. L. salivarius subsp. salivarius 433118 has 
no effect on Teer and mannitol fluxes in dss-
treated mice [66].
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E. coli Nissle 1917, however, has proved to 
be effective in this model. The dss-induced 
increase in permeability, measured by the 
uptake of evans blue into the colonic mucosa, is 
much lower in dssE. coli Nissle 1917-treated 
mice than in dss-treated mice. This positive 
effect can be explained by the observed eleva-
tion of mrNa expression of TJ protein Zo-1 
in the epithelial cells of the mice treated with 
dssE. coli Nissle 1917; these cells also exhibit 
a slight increase in Zo-2 mrNa [36].

Methotrexate-induced Enterocolitis.  another 
barrier-enhancing effect of probiotics has been 
observed in methotrexate-induced enterocoli-
tis. Methotrexate is a chemotherapeutic agent 
with severe side effects, such as enterocolitis.  
L. plantarum or Lactobacillus reuteri decrease 
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intestinal permeability, as measured by 
51CredTa clearance, and significantly lower the 
magnitude of bacterial translocation to extrain-
testinal sites in methotrexate-induced enterocol-
itis in rats [67].

In the same model, a sheep-milk yogurt, con-
taining Lactobacillus bulgaricus and S. thermophilus, 
and a cow yogurt, containing Lactobacillus johnso
nii, have been shown to be capable of improving 
small intestinal permeability, as measured by uri-
nary lactulose/mannitol excretion [68].

Clinical Studies
Crohn’s Disease. Patients with Crohn’s dis-
ease in remission have been treated with S. 
boulardii, in addition to their baseline medica-
tion.4 after 3 months, an improvement could be 
observed in intestinal permeability, evaluated 
by the lactulose/mannitol ratio in the treatment 
group compared with the placebo group [69].

In a study with children suffering from 
Crohn’s disease, the addition of Lactobacillus GG 
decreases the intestinal permeability, as meas-
ured by a double sugar permeability test (cel-
lobiose/mannitol), at 12-week follow-up. The 
decrease of cellobiose levels in their urine sug-
gests a decrease of paracellular permeability. 
However, after 24 weeks of treatment, intesti-
nal permeability again shows a trend toward an 
increase, i.e. improved intestinal permeability is 
not maintained [70].

Irritable Bowel Syndrome (IBS). In patients 
with Ibs, small bowel permeability decreased 
significantly after the application of probiotic fer-
mented milk (containing S. thermophilus, L. bul
garicus, L. acidophilus, and Bifidobacterium longum), 
whereas colonic permeability did not improve 
after probiotic treatment. Intestinal permeability 
was measured by a triple sugar test before and 
after treatment [71].

4baseline medication: mesalamine, azathioprine, pred-
nisone, metronidazole, and/or thalidomide.
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3.1.3  Stress-induced States

Probiotic effects on the stress-induced increase 
of intestinal permeability have been studied in rats. 
Neonatal maternal separation of rat pups causes 
immediate and long-term changes in intestinal 
physiology. The stress-induced increase in colon 
permeability is reduced by L. rhamnosus strain 
r0011 and L. helveticus r0052 [72], by Lactobacillus 
paracasei NCC362 [73], and L. paracasei NCC2461 
combined with long-chain fatty acids and prebiot-
ics [74], whereas Bifidobacterium lactis NCC362 and 
L. johnsonii NCC533 are ineffective [73].

Probiotic treatment of maternal-separated 
pups in neonatal life also has long-term effects: it 
significantly reduces the stress-induced increases 
in intestinal permeability in their adult life [72].

3.1.4  Critical Illness

Sepsis. In a mouse model in which lPs chal-
lenge induces a systemic reaction resulting in a 
sepsis-like condition, the application of Vsl#3 
maintains colonic barrier function, measured by 
mannitol fluxes, and prevents bacterial translo-
cation [57].

Intra-abdominal  Infection. In a model of 
abdominal infection (cecum perforation and 
ligation), rats were divided into two groups, 
one group receiving parenteral nutrition and 
the other group additionally L. acidophilus. The 
bacterial translocation rate and endotoxin in 
blood were reduced in the L. acidophilus group; 
this could be explained by enhanced occlu-
din expression and improved intestinal TJ and 
microvilli integrity [75]. The findings were sup-
ported by results obtained with L. plantarum in 
a similar experimental setup [76].

Short  Bowel  Syndrome. The administration 
of B. lactis reduced bacterial translocation to 
extraintestinal sites in rat after 80% gut resec-
tion. The incidence of total bacterial transloca-
tion was 6% in the untreated control group, 87% 
in resesected animals, and 50% in resected ani-
mals with additional probiotic treatment [77].
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Acute  Pancreatitis. Mice were injected with 
cerulein to induce acute pancreatitis. Pretreatment 
with a multispecies probiotic (L. acidophilus,  
L. casei, L. salivarius, L. lactis, Bifidobacterium bifi
dum, and B. lactis) abolished the decrease in Teer 
and the increase in Na-fluorescein fluxes in the 
ileum that were induced by the acute pancreati-
tis. However, the effects were only seen in the late 
phase of pancreatitis (3 days after the insult) [78].

Hemorrhagic Shock. L. rhamnosus and Lacto
bacillus fermentum have been examined for their 
effects on intestinal barrier integrity in a rat 
model of hemorrhagic shock. animals treated 
with L. rhamnosus show reduced levels of 
plasma endotoxin, bacterial translocation, and 
disruption of F-actin distribution in the ileum 
following hemorrhagic shock, compared with 
untreated control animals. In contrast, treat-
ment with L. fermentum has no substantial effect 
on intestinal barrier integrity [79].

3.1.5  Infection

Probiotic supplementation also has positive 
effects on changes of intestinal permeability 
caused by bacterial or viral infection.

In a neonatal animal model, rabbit pups have 
been treated with either pathogenic E. coli K1a, 
L. casei GG, or a combination of both. L. casei GG 
decreases the frequency of E. coli K1a translo-
cation by 46, 61 and 23% to mesenteric lymph 
nodes, spleen, and liver, respectively [80].

The impact of duration of treatment and vari-
ous application modes was examined in rats 
that were treated with L. plantarum 299v by 
tube feeding, that had free access to probiotic- 
supplemented drinking water, or that received 
regular feed. The small intestine was exposed in 
vitro to pathogenic E. coli F131 and L. plantarum 
(alone or together) in an Ussing chamber. one 
week of pretreatment with L. plantarum in the 
drinking water abolished the E. coliinduced 
increase of mannitol passage. In contrast, tube 
feeding had no effect. The short-term addition 
of L. plantarum for 2 hours in Ussing chamber  
d. ProbIoTICs
studies had no effect on E. coliincreased mannitol 
fluxes. The lack of effect under tube-feeding con-
ditions may be ascribed to the fact that rats with 
free access to the probiotic-supplemented drink-
ing water consumed four times more than the 
amount administered to rats by tube-feeding [81].

L. casei strain GG also decreased jejunal per-
meability in rotavirus-induced enteritis in suck-
ling rats [82].

3.1.6  Indomethacin-induced States

a region-specific effect of Lactobacillus GG on 
alterations in gastrointestinal permeability induced 
by indomethacin was observed in a study with 
healthy volunteers. The ingestion of live Lactoba
cillus GG had a protective effect on the indometh-
acin-induced increase of gastric permeability but 
did not change intestinal permeability [83].

3.1.7  Allergy

In a study with rat pups, a prolonged chal-
lenge with cows’ milk increased intestinal perme-
ability, but this was almost completely abolished 
by the application of L. casei strain GG, as meas-
ured by the absorption of horseradish peroxidase 
[84]. This observation is in agreement with results 
of a study where rat pups were fed with cows’ 
milk or hydrolyzed whey formula (i.e. unhydro-
lyzed or hydrolyzed dietary antigens) and addi-
tionally treated with the probiotic L. casei strain 
GG. The probiotic reduced aberrant macromo-
lecular transport and enhanced macromolecular 
degradation by the gut mucosa, thereby reducing 
the antigen load [85].

L. rhamnosus 19070-2 and L. reuteri dsM 12246 
were administered to children with moder-
ate and severe atopic dermatitis to determine 
whether probiotics could attenuate the small 
intestinal inflammation and reinforce barrier 
function. The lactulose/mannitol ratio was lower 
after probiotic treatment compared with placebo 
treatment, indicating a decrease in permeability. 
The lactulose/mannitol ratio and the severity of 
eczema were positively correlated [86].
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3.1.8  Necrotizing Enterocolitis in Preterm  
Infants

In preterm infants, the administration of pro-
biotics significantly reduces the risk of severe 
necrotizing enterocolitis and mortality, as a meta-
analysis of clinical trial data could show [10]. 
However, in a study of Caplan et al. [87] pre-
sumably this effect is not attributable to a change 
in intestinal permeability [87]. In a study on rats  
B. infantis significantly reduced the incidence of 
neonatal necrotizing enterocolitis, but there was 
no effect on mucosal permeability in the period of 
observation (8, 24 and 48 hours) [87].

However, the administration of an infant for-
mula supplemented with Bifidobacterium lactis  
decreases intestinal permeability in preterm 
infants at days 7 and 30 after birth. The incidence 
of sepsis and NeC was also lower in the B. lactis 
group as compared to the control group but due 
to small numbers this did not reach significance 
[88]. The protective effect on intestinal perme-
ability is supported by a recent study conducted 
in a rat model of necrotizing enterocolitis, where 
B. bifidum normalized the expression and locali-
zation of ileal and TJ and adherens junctions 
proteins compared to rats with NeC [1].

3.2. cell culture studies

3.2.1  Per se

In most studies with intestinal epithelial cell 
lines, probiotics improve barrier function by 
decreasing permeability (see Table 21.2). Klingberg 
et al. [89] have shown that the decrease in permea-
bility is dependent on the dose. In many studies, 
a time-dependent effect on permeability has also 
been demonstrated. barrier function increases 
after a few hours of incubation, reaches a plateau 
phase, later decreases to starting values or even 
declines further [46, 90, 91].

Possible mechanisms improving the barrier 
function include epithelia changes of TJ pro-
teins and of mucin production. S. thermophilus 
in combination with L. acidophilus enhances the  
d. ProbIoTICs 
phosphorylation of the TJ proteins occludin and 
Zo-1 [56]. L. plantarum MF1298 and L. salivarius 
dC5 increase the protein expression of Zo-1 [89]. 
B. infantis increases Zo-1 and occludin expres-
sion and decreases claudin-2 expression [65].  
E. coli Nissle 1917 increases Zo-2 mrNa and 
protein levels and fosters redistribution toward 
cellular contact sites [92].

Mucin mrNa and protein expression is 
induced by Vsl#3 in HT29 cells [90]. In ls174T 
cells (human colonic adenocarcinoma cell line), 
mucin secretion is surprisingly only induced 
when the cells are incubated with conditioned 
media of Vsl#3, not with live bacteria. among 
three bacterial groups, Bifidobacteria, Lactobacilli 
and Streptococci, Lactobacillus species are the 
strongest inducer of mucin secretion [59].

3.2.2  Infection

E.  coli. because of their relevance in human 
medicine, many in vitro cell culture studies have 
been conducted with the enteropathogenic E. 
coli strain e2348/69 (serotype o127:H6) or the 
enterohemorrhagic E. coli (eHeC) o157:H7.

EHEC O157:H7. The drop in Teer induced 
by E. coli serotype o157:H7 in T84 cells is 
reduced by preincubation with the probiotic 
strains L. acidophilus r0052, L. rhamnosus r0011 
[93], L. rhamnosus GG [94], and by surface-layer 
protein extracts of L. acidophilus strain lb [95]. 
a decreasing effect on macromolecular perme-
ability as measured by dextran has also been 
observed in two studies [94, 95].

Pretreatment and viable bacteria seem to 
be necessary for this effect, as in some studies, 
coincubation [93] or incubation with non-viable 
bacteria [93, 94], with bacterial culture superna-
tant, or conditioned medium5 [93] are inefficient. 

5To prepare ‘conditioned medium’, T84 cells were incu-
bated with lactobacilli for 18–24 hours, then the medium 
was removed and subsequently filtered, whereas ‘super-
natants’ were obtained from the bacterial cultures in de 
Man, rogosa, and sharpe broth.
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tABlE 21.2 The effects of various probiotic strains, alone or in combination, on intestinal permeab

Probiotic Experimental 
model

Method to assess 
permeability

Permeability Du
res
me

B. infantis T84 Teer ↓ 6–2

Mannitol flux

E. coli Nissle 1917 T84 Teer → 0–1

Caco-2 →

E. coli Nissle 1917 T84 Teer → 8

(↑) 8–1

L. acidophilus T84 Teer → 18 h

L. acidophilus Caco-2 Teer ↓ 6–2

low MW marker1 ↓ 12 h

High MW marker2 → 12 h

L. acidophilus HT29/cl.19a Teer ↓ 6–2

low MW marker ↓ 12 h

High MW marker → 12 h

L. casei GG Caco-2 Teer → 180

Lactobacillus lactis Caco-2 Teer ↓ 4–1

Mannitol flux ↓ 4 h

L. plantarum Caco-2 Teer ↓ 1–2

L. rhamnosus T84 Teer → 18 h

L. rhamnosus GG Caco-2 Teer ↓ 18 h

↑ 24–

L. rhamnosus lc705 Caco-2 Teer ↓ 18 h

↑ 24–

L. rhamnosus GG  L. rhamnosus lc705 Caco-2 Teer ↓ 18 h

↑ 24–
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[89]

[99]

[56]

[56]

[56]

[56]

[56]

[56]

[48, 56]

[56]

[56]

[56]

[48, 56]

[56]
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tABlE 21.2 (Continued)

Probiotic Experimental 
model

Method to assess 
permeability

Permeability Duration
resp. time
measurem

L. salivarius Caco-2 Teer ↓ 1–2 h

S. boulardii T84 Teer → 0–12 h

S. thermophilus Caco-2 Teer ↓ 6–24 h

low MW marker ↓ 12 h

High MW marker → 12 h

S. thermophilus HT29/cl.19a Teer ↓ 6–24 h

low MW marker → 12 h

High MW marker → 12 h

S. thermophilus    L. acidophilus Caco-2 Teer ↓ 6–24 h

3–24 h

low MW marker ↓ 12 h

High MW marker → 12 h

S. thermophilus   L. acidophilus HT29/cl.19a Teer ↓ 6–24 h

low MW marker ↓ 12 h

High MW marker → 12 h

S. thermophilus   L. acidophilus T84 Teer → 6–24 h

Vsl#3 T84 Teer ↓ 4–6 h

Vsl#3 T84 Teer ↓ 5–6 h

Mannitol flux ↓ 4–6 h

Synbiotic Bifidobacterium bb12, 
Bifidobacterium sp 420, Lactobacillus 
rhamnosus GG  Raftiline and Raftilose4

Caco-2 Teer ↓ 24 h

Various methods to assess permeability were used. 
The symbols indicate: ↓ a decrease, → no effect, and ↑ an increase of permeability.
1low molecular weight (MW) marker: 478 da, fluorescein sulfonic acid.
2High molecular weight (MW) marker: 10 000 da, dextran labeled with fluorescein isothiocyanate.
3shao, J. & Kaushal, G. (2004). Normal flora: living vehicles for non-invasive protein drug delivery. Int J Pharm, 286, 117–
4raftiline and raftilose are non-digestible oligosaccharides.
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However, surface layer protein extracts from  
L. helveticus have proved to be effective [94]. MUC-
2 expression, which is an important component of 
the physical barrier, increases if L. acidophilus cell 
extract is used to counteract E. coli o157:H7 effects 
[96]. MUC2 and MUC3 mrNa expression levels 
were increased when L. plantarum 299v was incu-
bated with HT29 cells and is probably responsible 
for the inhibition of adherence of eHeC strain 
Cl8 (serotype o157:H7) to these cells [97].

EPEC strain E2348/69 (serotype O127:H6). 
The decrease in Teer induced by ePeC strain 
e2348/69 is attenuated when T84 cells are  
preincubated with the probiotic strains L. acido
philus r0052 or L. rhamnosus r0011. Coincubation 
or incubation with non-viable bacteria, filtered 
bacterial culture supernatants, or conditioned 
medium6 has no such effects [93].

other probiotics even show the ability to restore 
barrier integrity. In a study with E. coli Nissle 
1917, coincubation, or subsequent addition after 
removal of the pathogen has a reducing effect on 
the Teer drop induced by ePeC strain e2348/69 
in both T84 and Caco-2 cells [92]. a similar obser-
vation has been made in studies with T84 cells co- 
or post-infected with L. casei dN-144001 [98]. The 
yeast S. boulardii also abrogates the effect of ePeC 
on Teer and paracellular inulin flux [99].

In some of the studies mentioned above, con-
comitant probiotic effects on Zo-2 mrNa and 
protein levels and on Zo-1 and Zo-2 distribu-
tion have been observed [92, 98, 99]. Incubation 
of HT29 cells with L. plantarum 299v increased 
MUC2 and MUC3 mrNa expression levels, and 
this was proposed as a reason for its inhibitory 
effect on the adherence of E. coli strain e2348/69 
to the cells [97].

Other Pathogenic E. coli Strains. Lactobacillus 
sobrius dsM 16698 protects IPeC-1 cells from the 
disruption of TJ structure by inhibiting the de-
localization of Zo-1, the reduction in the amount 

6see footnote 5.
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of occludin, the rearrangement of F-actin, and 
the dephosphorylation of occludin caused by 
enterotoxigenic E. coli (eTeC) strain K88 [100].

Pretreatment with a combination of live S. ther
mophilus and L. acidophilus prevents the decrease 
in Teer evoked by enteroinvasive E. coli (eIeC), 
but spent filtered medium from bacterial cul-
tures,7 heat-inactivated, or antibiotic-killed probi-
otics are inefficient. The probiotic effects depend 
on the time-point of addition. a partial effect 
is seen with coincubation. When the probiotic 
is added 1 hour after infection with eIeC, the 
decrease in Teer is only attenuated at extremely 
high probiotic inoculation (multiplicity of infec-
tion 5000:1). The changes of permeability for 
small or large molecules as measured by fluo-
rescent probes are only prevented when cells are 
treated with live probiotics before infection with 
eIeC. Pretreatment or coincubation at higher pro-
biotic inoculations with live S. thermophilus and  
L. acidophilus prevents the disruption of cytoskel-
etal and TJ protein localization and the phosphor-
ylation of actinin, occludin, and Zo-1 [56].

The filtered culture supernatant of L. acido
philus strain lb protects Caco-2/TC7 cells against 
the alterations induced by E. coli (afa/dr daeC) 
C1845 with regard to the expression of brush- 
border-associated structural and functional  
proteins such as F-actin, sucrose-isomaltase, 
dipeptidylpeptidase IV, alkaline phosphatase, 
and fructose transporter GlUT-5 [101].

L. casei GG inhibits E. coli C25 translocation 
across Caco-2 monolayers dose-dependently. 
Teer is not significantly altered by the addition 
of L. casei GG or E. coli; in this experimental set-
ting, the incubation with both bacterial strains 
was short (120–180 min), and non-adherent probi-
otic bacteria were washed out before incubation 
with E. coli [102]. These findings were repro-
duced in another experiment, and the reduction 
was attributed by the authors to the up-regulated 
MUC2 rNa and protein expression [103].

7spent, centrifuged, and filtered medium from s. ther
mophilus and L. acidophilus cultures.
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Pre- and coincubation with S. boulardii pre-
vents the decrease of Teer in T84 cells infected 
with eHeC strain edl931 [104].

Salmonella  Dublin. Coincubation of T84 
cells with various concentrations of Vsl#3 
(102–106 cfu/ml) or E. coli Nissle 1917 signifi-
cantly reduces the S. Dublin-induced decrease 
in Teer [90]. Whereas preconditioned medium 
from Vsl#3 has similar effects, preconditioned 
medium from E. coli Nissle 1917 has no effects on 
S. Dublin-induced alterations in Teer. When the 
probiotics are washed off before the challenge 
with S. Dublin, only preincubation with Vsl#3, 
but not with E. coli Nissle 1917, has a protective 
effect on Teer. The S. Dublin-induced altera-
tions in the distribution of Zo-1 are decreased 
when T84 cells are coincubated with Vsl#3 [90].

Helicobacter  pylori. The effects of multi-
species probiotic bacteria (L. rhamnosus GG,  
L. rhamnosus lc705, Propionibacterium freudenreichii 
supsp. shermanii Js, Bifidobacterium breve bb99) 
alone or in combination have been tested on 
Caco-2 cells infected with H. pylori. Pretreatment 
with L. rhamnosus GG and L. rhamnosus lc705 ini-
tially improves epithelial barrier function, indi-
cated by enhanced Teer (8 hours), but, after 18 
hours, potentiates the H. pylori-induced decrease 
in Teer. This is also the case for the decreasing 
effect of L. rhamnosus GG, L. rhamnosus lc705, 
and P. freundenreichii supsp. shermanii Js on mem-
brane leakage, measured by the release of lactate 
dehydrogenase [91].

Listeria monocytogenes. Preincubation with L. 
plantarum MF1298 but not with L. salivarius dC5 
attenuates the decrease in Teer elicited by the 
pathogen L. monocytogenes. However, this effect is 
diminished after 8 hours of incubation, and after 
24 hours the Teer is no different from that of 
cells treated with L. monocytogenes alone [89].

3.2.3  Non-infectious Pathogens

Acetylsalicylic Acid. Heat-killed L. acidophilus 
with its spent culture supernatant protects HT29 
d. ProbIoTICs
cells from damage by acetylsalicylic acid. It pre-
vents the acetylsalicylic acid-induced down- 
regulation in protein expression and redistribu-
tion of Zo-1 [105].

H2O2. Pretreatment with soluble proteins 
produced by L. rhamnosus GG reduce the H2o2-
induced decrease in Teer and increase in inulin 
fluxes in a time- and dose-dependent manner. It 
also inhibits the H2o2-induced redistribution of 
occludin, Zo-1, e-cadherin, and -catenin from 
the TJs and adherens junctions and their disso-
ciation from the actin cytoskeleton [106].

Cytokines.* The cytokines TNF- and IFN- 
induce a drop in Teer when added to various 
cell monolayers. several probiotic strains have 
proved to be effective in preventing this change 
of Teer. Treatment with B. infantis prevents 
TNF-- and IFN--induced drops in Teer and 
the re-arrangement of TJ proteins in T84 cells 
[65]. The TNF--induced decrease in Teer 
across Caco-2 monolayers has been inhibited by 
L. plantarum [107].

Pretreatment with S. thermophilus and L. aci
dophilus or the commensal B. thetaiotaomicron 
prevent the decrease in Teer in Caco-2 and 
HT29/cl.19a cells, incubated with IFN- or 
TNF- for 48 hours. simultaneous treatment or 
treatment with heat-inactivated bacteria, spent 
medium8 from bacterial cultures, or dNa has 
no effect. This observation has been corrobo-
rated by the measurement of epithelial perme-
ability to a low and a high molecular weight 
marker in the Ussing chamber. Pretreatment and 
simultaneous treatment with S. thermophilus and 
L. acidophilus or B. thetaiotaomicron prevent the 
increase in permeability [43].

Aflatoxin.* In an in vitro study with Caco-2 
cells, the transport of aflatoxin b1, a potent hepato-
carcinogen, across cell monolayers is diminished,  

8see footnote 7.
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and the decrease in Teer induced by the myco-
toxin is reduced, by coincubation with non- 
viable L. rhamnosus GG [108].

Gliadin.* In celiac disease patients, wheat gliadin 
induces grave intestinal symptoms and small intes-
tine mucosal injury. B. lactis, but not L. fermentum, 
inhibits, dose-dependently, the gliadin-induced 
increase in Teer in Caco-2 monolayers. both bacte-
rial strains also inhibit the formation of membrane 
ruffles and partly preserve the pattern of Zo-1 
expression after treatment with gliadin [109].

4. MEchAnIsMs AnD sIGnAlInG 
PAthwAys MEDIAtInG 
ProBIotIc EFFEcts on 

IntEstInAl trAnsPort AnD 
BArrIEr FUnctIon

although many of the mechanisms of action 
and signaling pathways of pathogenic bacte-
ria have been characterized in recent times, our 
knowledge of the molecular mechanisms of probi-
otics is still fragmental. However, this knowledge 
would facilitate the differential and targeted appli-
cation of probiotics in prevention and therapy.

The description of mechanisms in this sec-
tion is restricted to probiotic effects on intestinal 
transport and barrier functions. each probiotic 
microorganism has its own properties. Hence, 
the effects obtained with one strain cannot be 
extrapolated to another [110]. sometimes, the 
obtained effects are even different for phyloge-
netically almost identical strains [100].

4.1. Mode of Application

a few points have to be considered to achieve 
an optimal probiotic effect on transport and bar-
rier functions. The possible results depend on:

1. time point of application;
2. duration of treatment;
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3. dose;
4. use of single strains or mixtures.

1.  The time point of application, i.e. preincuba-
tion, coincubation or postincubation in cell cul-
tures or the pretreatment or curative treatment in 
humans and animals, determines the outcome. In 
most of the studies, in which pathogens or other 
damaging agents have been employed, only pre-
treatment with the probiotic has produced the 
designated effect. Coincubation and, rarely, the 
subsequent addition of the probiotic have been 
shown to be effective in only a few experimental 
setups. In some cases, augmentation of the infec-
tion dose seems to compensate for a later time 
point of addition [56].

2.  Probiotics can have time-dependent 
effects. This should be taken into account when 
evaluating divergent results of studies with dif-
ferent durations of probiotic treatment.

some probiotics have proven to have both an 
effect on intestinal permeability when added in 
vitro for short-term, e.g. to the Ussing chamber, 
and when administered orally long-term [65]. 
other preparations need long-term oral appli-
cation before showing an effect [81]. The probi-
otic effect can change over days and weeks and, 
sometimes, a therapeutic effect disappears after 
a longer application time over weeks or months 
[34, 70]. a time-dependent change of permeabil-
ity has also been reported in cell culture studies. 
after a few hours of incubation with the probi-
otic, a positive effect is achieved (i.e. permeability 
is decreased) that persists for some hours, disap-
pears later or even turns into a negative effect 
[90, 91]. some of these deteriorating effects with 
longer incubation time in cell culture models 
might be attributed to the lack of exchange of the 
milieu (unlike the in vivo situation), e.g. the pH 
decreases, as in the study of Madsen et al. [46]. 
Therefore, many researchers define a timeframe 
for their studies, which is, for example, orientated 
to the decrease of pH in the cell culture medium.

3.  dose–response studies have rarely been 
performed, and research is still needed in this 
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respect. a dose-dependent effect of probiot-
ics has been reported in studies with animals 
[81] and cell lines [41, 46, 89, 101, 102, 106, 109]. 
However, Commane et al. [111] have observed 
a poor correlation between the optical density 
of the bacterial cultures and changes of Teer. 
They conclude that the concentration of specific 
metabolites of the bacteria is the determining 
factor, and not the number of bacteria.

4.  The application of a single strain versus mul-
tistrain and multispecies probiotic combinations 
is controversial. a combination might have the 
advantage of developing synergistic actions or 
allowing the ‘occupation of different niches’. on 
the other hand, in a probiotic combination, the 
strains can inhibit each other’s positive actions. 
For example, in the study of Myllylluoma  
et al. [91] inflammatory effects prevailed when 
a multispecies probiotic combination was used. 
However, Madsen et al. [46] have reported 
that the use of the multispecies mixture Vsl#3 
is more effective than the use of a single 
Lactobacillus species in improving colitis and 
stabilizing epithelial barrier function in Il-10 
gene-deficient mice.

4.2. Mechanisms of Action

The mechanisms of action can be classified 
into: 1) the interaction of the probiotic with 
(pathogenic) bacteria in the GIT; and 2) the inter-
action with host (effector) cells such as epithelial 
cells or cells of the immune system (the effects 
on immune cells will not be discussed here).

a better understanding of these interactions 
requires knowledge concerning: a) the responsi-
ble component of the probiotic; b) the receptor 
in the case of interaction with host cells; c) the 
signaling pathway; and d) the elicited response 
in the host cell.

a variety of techniques and experimental con-
ditions has been used to test the effects of live 
or dead bacteria (killed by heat, -irradiation, 
enzymes, or antibiotics), and to study soluble 
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components from bacterial culture superna-
tants, conditioned media, or bacterial dNa. 
depending on the mechanism of interaction, 
live bacteria, soluble factors secreted by probi-
otic strains, dNa, or parts of bacteria such as 
surface layer proteins can be responsible for 
the probiotic effect. resta-lenert and barrett 
[56] have concluded from their studies with 
S. thermophilus and L. acidophilus that both live 
probiotics and their secreted products can affect 
epithelial responses to pathogens, but that only 
the former can exert the full spectrum of pre-
ventive effects.

some probiotics exert a general effect on 
epithelial permeability or transport [46], and 
others are characterized by a specific effect 
against pathogen-induced changes [47, 81]. 
Furthermore, probiotic bacteria often use not 
only one but several mechanisms and induce 
manifold intracellular signal transduction path-
ways [106, 112]. When affecting both cellular 
secretory and barrier function, the regulation 
can be divergent [56].

In the following section, some mechanisms of 
action and signaling pathways will be described, 
and examples are given.

4.2.1  Interaction with Bacteria

Antimicrobial Activity. The spent supernatant 
of L. acidophilus strain lb showed dose-dependent  
antimicrobial activity against E. coli (afa/dr 
daeC) [101]. The antibacterial substances were 
heat stable, of low molecular weight, and dis-
tinct from lactic acid [113].

Degradation of Toxins. a protease, secreted 
by S. boulardii, has been identified that cleaves 
the C. difficile toxin a molecule and that inhib-
its its binding to the intestinal receptor, thereby 
inhibiting secretion induced by the toxin [114].

Eubacterium sp. dsM 11798 degrades deoxy-
nivalenol (doN) into its non-toxic metabolite 
de-epoxy doN (doM-1) (binder et al., 1997 and 
1998 according to ref. [32]); this detoxification 
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of doN could be the reason for the attenuated 
decrease of Na/glucose cotransport.

Binding of Toxins. a recombinant probiotic  
E. coli strain, designed to express a chimeric lPs 
capable of binding heat-labile enterotoxin with 
high affinity, provides significant in vivo protec-
tion against heat-labile enterotoxin-induced fluid 
secretion in ligated ileal loops of rabbits (Paton 
et al., 2005). The reduction in the aflatoxin-b1 
(aFb1)-induced decrease in Teer is attributable 
to alterations in the availability of aFb1 because 
of its binding to heat-inactivated Lactobacillus GG, 
or to the subsequent sequestering of metabolites 
within the culture medium, or to a combination 
of both processes [108].

Prevention of Adhesion of Pathogenic 
Bacteria. The adhesion of pathogenic bacteria 
to mucosal surfaces is the first step in an intesti-
nal infection and can be inhibited by physically 
blocking the receptor or by steric hindrance. 
The ability to inhibit adhesion of the pathogen 
depends both on the specific probiotic and the 
pathogen. This represents a common mecha-
nism used by many probiotics. some probiotics 
express receptors that resemble the receptors of 
pathogenic bacteria, for competitive binding to 
epithelial cells. some Lactobacillus species, such 
as L. helveticus, possess so-called surface-layer 
proteins, located in a paracrystalline layer out-
side the bacterial cell wall; these proteins are 
thought to play a role in adherence to epithelial 
cells [115].

In studies with animal and cell models the 
adhesion of various pathogenic E. coli strains 
to intestinal epithelial cells is inhibited by  
L. plantarum [47], S. thermophilus and L. acido
philus [56], L. helveticus r0052 and surface-layer 
proteins extracted from it [93, 95], L. sobrius 
[100], and L. rhamnosus r0011 [93].

L. rhamnosus GG, L. rhamnosus lc705, P. freu
denreichii supsp. shermanii Js, and B. breve bb99 
alone or in combination inhibit H. pylori adhesion 
in a Caco-2 model [91].
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S. thermophilus NCC2496, L. rhamnosus NCC 
4007, L. paracasei NCC 2461, B. longum NCC 
3001, and B. lactis NCC 2818 have the ability  
in vitro to inhibit, displace, or compete with  
the adhesion of Enterobacter sakazakii, an occa-
sional contaminant in powdered infant formula, 
to mucus [116].

Prevention of Invasion. The invasion of S. 
Dublin into T84 monolayers has been inhibited by 
a secreted factor of Vsl#3, which may either enter 
the cell and induce a signaling pathway to enhance 
barrier integrity or bind to apical surface receptors 
and block S. Dublin invasion. This inhibition of 
invasion has also been seen when Vsl#3 itself is 
removed before the addition of S. Dublin [46].

Preincubation and coincubation with live 
or antibiotic-killed S. thermophilus and L. aci
dophilus inhibit the invasion of eIeC in Caco-2 
monolayers [56].

4.2.2  Interaction with Epithelial Cells

Polyamines. Polyamines are involved in the 
regulation of cell growth and differentiation and 
are generated by most cells and bacteria in the 
GIT. sources of polyamines may be endogenous 
or exogenous.

The (trophic) effects of S. boulardii are at least 
in part mediated by polyamines. Yeast cells con-
tain substantial amounts of putrescine, spermi-
dine, and spermine that can be either secreted 
or released as a result of catabolism. The uptake 
of endoluminal polyamines by brush border 
membrane vesicles is a selective and satura-
ble process. Polyamine concentrations in the 
mucosa and the endoluminal fluid have been 
shown to increase after yeast treatment, and dis-
accharidase activities and Na-dependent glu-
cose uptake in ileal brush border vesicles and 
in parallel sGlT-1 (Na/glucose cotransporter) 
expression is enhanced [33, 117].

Heat Shock Proteins. Heat shock proteins 
play a central role in the protection of cells,  
 aNd HealTH



21. EFFECTS ON TRANSPORT AND BARRIER FUNCTION324
tissues, and organs exposed to various forms 
of stress and they are found in all mammalian 
tissues [118]. They exert manifold effects on epi-
thelial functions, including effects on transport 
function and epithelial integrity [119, 120].

Hsp25 and Hsp72, which are known for 
their ability to maintain cytoskeletal integrity, 
are produced in YaMC (young adult mouse 
colon) cells exposed to Vsl#3 or to Vsl#3- 
conditioned medium in a dose-dependent fash-
ion, likely mediated by proteasome inhibition 
[121]. soluble low molecular weight factors of  
L. rhamnosus GG induce the expression of the 
same Hsps in colonic epithelial cells through the 
activation of several MaPKs [122].

Short-chain Fatty Acids (SCFA). Pro- and 
prebiotics can affect the profile of sCFas in the 
lumen of the colon. sCFas that serve as a primary 
energy source might enhance TJ strength via 
increasing energy levels. In a study of Commane 
et al. [111] fermentation products of various pro-
biotics (Bifidobacterium bb12, Bifidobacterium sp. 
420, and Lactobacillus GG) or non-digestible oli-
gosaccharides (raftilose), or the sCFas such as 
lactate and acetate showed similar effects on TJ 
integrity.

Part of the permeability changes induced by 
combined application of L. plantarum 299 and 
oatmeal fiber have been attributed to enhanced 
levels of sCFa [123].

Cytokines. Cytokine expression and secre-
tion from epithelial cells can be influenced by 
probiotic strains [124]. Many cytokines have 
been shown to regulate TJ and the structure and 
function of the cytoskeleton [125]. TNF- and 
IFN- decrease Teer by inducing the redistri-
bution of various TJ proteins via internalization 
[126], or by regulating the transcription level of 
TJ proteins such as occludin [127]. IFN- selec-
tively activates populations of paracellular 
pores, thereby increasing the flux of large mol-
ecules [128], and reduces Zo-1 levels [129].
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strategies that probiotics use to modulate bar-
rier dysfunction might be to enhance the secre-
tion of anti-inflammatory cytokines or to abolish 
the production of pro-inflammtory cytokines.

The oral pretreatment with Vsl#3 inhibits 
the up-regulation of gene expression and the 
enhanced secretion of TNF- and IFN- in the 
mouse colon in response to lPs. This is associated 
with the preservation of transport and barrier 
functions [57]. Madsen et al. [46] have attributed 
part of the reduction in colonic permeability in 
Il-10-deficient mice by Vsl#3 to a diminished 
release of the pro-inflammatory cytokines TNF- 
and IFN-.

L. sobrius counteracts the eTeC-induced 
increase in Il-8 and increases Il-10 expression 
in IPeC-1 cells [100], thereby protecting the epi-
thelial barrier.

Signaling Pathways. epithelial cells express 
both surface and internal receptors that can sense 
bacterial components able to activate various 
intracellular signaling cascades such as MaPK 
pathways, the nuclear factor b inhibitor/nuclear 
factor b (Ib/NFb) pathway, and the phos-
phatidylinositol 3-kinase (PI3K)/akt9 pathway. 
Important receptors are the Toll-like receptors 
(Tlrs), which convert the recognition of bacteria- 
associated molecules into signals for, amongst 
others, barrier enhancement or cell proliferation.

In the following, examples are given how 
probiotics interfere with intracellular signaling 
pathways.

S. boulardii. The mechanisms used by S. boul
ardii to prevent the pathogen-dependent altera-
tion of transport and barrier functions have 
been examined in various studies.

a 120-kda protein secreted by S. boulardii 
counteracts the caMP elevation and subsequent 
Cl secretion induced by cholera toxin [55]. 
This might involve interaction with both: 1) a 

9akts are enzymes that are members of the serine/threo-
nine-specific protein kinase family.
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receptor coupled to a pertussis-toxin-sensitive 
G protein which is associated with the inhibi-
tory subunit of adenylate cyclase; and 2) with a 
secretory pathway that bypasses the adenylate 
cyclase system [42, 55]. Possibly, S. boulardii 
interferes only with the adenylate cyclase–caMP 
transduction pathway to trigger the decrease in 
caMP concentration enhanced by the secretago-
gues VIP and PGe2 or forskolin [42].

secretion by the Ca2-mediated pathway is 
inhibited by S. boulardii, despite the absence of 
inhibition of inositol-1,4,5-triphosphate produc-
tion [42]. Media conditioned by S. boulardii might 
inhibit Ca2-dependent Cl secretion by activat-
ing an inhibitory mechanism that dissociates  
increases in intracellular Ca2 from Cl secre-
tion. PKC might be involved in this mechanism. 
an elevation of the intracellular Ca2 level has 
enhancing effects on Na/K/2Cl and basola-
teral K efflux. The latter hyperpolarizes the cell 
to create a favorable electrical gradient for Cl 
exit across the apical surface [130].

Kinetics studies have revealed that eHeC-
induced myosin light chain (MlC) phosphoryla-
tion precedes the decrease of Teer. S. boulardii 
abolishes this eHeC-induced MlC phosphoryla-
tion, which is one of the transduction pathways 
implicated in the control of TJ structure [104].

The activation of the pro-apoptotic protease 
Caspase-3 triggered by ePeC is delayed when 
intestinal epithelial cells are infected in the pres-
ence of S. boulardii [99].

additional to these mechanisms directly 
influencing transport and barrier function in 
infected T84 cells, S. boulardii inhibits the inva-
sion of ePeC by a MaPK pathway and Il-8 
pro-inflammatory secretion via inhibition of the 
NFb and MaPK signaling pathways [104].

S.  thermophilus and L.  acidophilus (in 
combination). Probiotics can also activate 
signal transduction originating from the epi-
dermal growth factor receptor (eGFr), which 
has manifold effects on ion transport and tight 
junction integrity [131–133]. Pretreatment 
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with S. thermophilus and L. acidophilus pre-
vents eGF inactivation by eIeC and reverses 
the inhibition of the MaPKs erK 1 and 2,  
which are downstream effectors of eGFr [56].

In a further study, S. thermophilus and L. acido
philus pretreatment reverses the inhibitory effects 
of IFN- on epithelial chloride secretion and pre-
vents the IFN- down-regulation of CFTr and 
NKCC1 levels. The MaPK p38, erK1, 2, and the 
PI3K pathway mediate this effect. The protective 
effects of S. thermophilus and L. acidophilus on Teer 
and permeability involve the same pathways [43].

S. thermophilus and L. acidophilus also inhibit the 
degradation of Ib- protein, an NFb negative- 
feedback regulator, whereas a commensal 
bacterium (B. thetaiotaomicron) causes the increased 
phosphorylation of this protein implying NFb 
activation. NFb is a crucial target in the propa-
gation of inflammatory responses evoked by 
cytokines and intestinal pathogens [43].

some of the antagonistic effects of probiotics 
against IFN- result from the modulation of gene 
expression evoked by IFN-. The IFN- first acti-
vates the transcription factors sTaT1 and sTaT3 
and later a suppressor of cytokine signaling, 
soCs3. The probiotics reduce the ability of IFN-  
to increase the expression and activation of 
soCs3 and to activate sTaT3 [43].

VSL#3. The increases in Teer and mucin 
expression, observed after incubation with Vsl#3  
or media conditioned with Vsl#3, involve 
MaPKs p38 and p42/44 ( erK1, 2) [90]. a 
soluble heat-labile pH-dependent protease- 
sensitive substance of 50 kda has been iso-
lated from the conditioned medium.

E. coli Nissle 1917. The assembly and para-
cellular permeability of TJs are regulated by 
a network of signaling pathways involving 
PKC isoforms. PKCs are located in the cytosol 
near the zonula occludens complex; PKC is the 
only PKC that has also been located at the cel-
lular border [134, 135]. The inhibition of PKC 
protects against the disruption of TJs caused by 
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ePeC infection, by preventing the removal of 
Zo-2 from TJs to the cytoskeleton, as only phos-
phorylated Zo-2 can be withdrawn from the TJ 
leading subsequently to their destabilization. 
The beneficial effect of E. coli Nissle 1917 on epi-
thelial barrier function seems to be associated 
with a block, or at least a reduction, of PKC 
phosphorylation rendering the enzyme partially 
inactive. The disruption of the epithelial barrier 
caused by ePeC is inhibited (at coincubation) 
or the epithelial barrier is even restored (at post-
incubation) by E. coli Nissle 1917 [92].

These findings are supported by a study 
with a Tlr2-agonist, the synthetic lipopeptide 
Pam3CyssK4 in HT29 and Caco-2 cells. The 
binding of the specific synthetic ligand to Tlr2 
leads to a concentration- and time-dependent 
activation of specific PKC isoforms (PKC and 
PKC), and this increases Teer. The increase in 
Teer correlates with the apical tightening and 
sealing of Zo-1 [136].

a dNa microarrray of T84 cells incubated 
with E. coli Nissle 1917 has additionally revealed 
the up-regulation of NFb inhibitor [92].

L.  rhamnosus GG. Two proteins, p75 and 
p40, isolated from L. rhamnosus GG supernatant 
promote the survival of intestinal epithelial cells 
by activating akt in a PI3K-dependent manner 
and by inhibiting pro-apoptotic p38 MaPK. akt 
promotes cell survival by the stimulation of cell 
proliferation (by activating cell-cycle regulators 
and inhibiting pro-apoptotic pathways, such as 
caspase-3), and thereby TNF-induced damage 
is significantly reduced [137, 138]. In addition 
to their anti-apoptotic effect, the same proteins 
inhibit the H2o2-induced decrease of Teer, an 
increase in inulin flux, and the redistribution of 
the proteins of TJs and adherens junctions in a 
time- and dose-dependent manner, via a PKC 
and MaPK pathway independently of one 
another [106].

L. rhamnosus GG and L. rhamnosus lc705 pre-
vent the activation of pro-apoptotic caspase-3 
when Caco-2 cells are infected with H. pylori [91].
d. ProbIoTICs
L.  plantarum inhibits the TNF--induced 
decrease in Teer in Caco-2 monolayers by two 
pathways: the NFb and the erK pathway [107].

B. infantis. In T84 cells, the increase in Teer, 
Zo-1, and occludin and the down-regulation 
of claudin-210 after incubation with medium 
conditioned by B. infantis are associated with 
changes in MaPKs [65].

L.  acidophilus. The stimulation of Cl/oH 
exchange activity in Caco-2 cells is mediated 
by heat-stable soluble factors, secreted by L. aci
dophilus, via the PI3-kinase-mediated pathway 
[41]. PI3-kinase and its downstream effector mol-
ecules have a well-established role in intracellu-
lar trafficking. Indeed, L. acidophilus significantly 
increases the surface expression of a transport 
protein for Cl/Ho exchange, viz., slC26a3, 
whereas total cellular slC26a3 does not change.

Host Response to Probiotics. The under-
lying mechanisms of effects on transport and 
barrier function, such as an increase in Teer 
or the reduction of secretion, include changes 
in transporter expression (mrNa and protein) 
and localization (which can be modulated by 
intracellular trafficking), changes in the expres-
sion of TJ proteins and their distribution, and 
changes in mucus secretion.

Changes in the expression of transporters 
have been observed with S. thermophilus and  
L. acidophilus, which reverse the cytokine-mediated 
down-regulation of CFTr and NKCC1 in HT29/
cl.19a cells [43], with S. boulardii, which enhances 
the expression of sGlT-1 in the rat ileum [33], and 
with L. helveticus r389, which increases the expres-
sion of Ca2 channel TrPV6 in the duodenum of 
mice [39]. The surface expression of the transport 
protein for Cl/oH exchange is increased by  
L. acidophilus in Caco-2 cells [41].

10a claudin expressing cation-selective pores and increas-
ing permeability.
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Probiotics have various effects on TJ proteins 
as detailed in section 4, ‘Probiotics and barrier 
function.’ E. coli Nissle 1917 counteracts the 
dss-induced down-regulation of Zo-1 and Zo-
2 expression in an animal model of colitis [36] 
and abrogates the decrease in Zo-2 expression 
and the redistribution of Zo-2 caused by ePeC 
[92]. L. casei [98] and S. boulardii [99] prevent 
the effect of ePeC on Zo-1 distribution. Vsl#3 
decreases the redistribution of Zo-1 induced by 
S. Dublin [90]. S. thermophilus and L. acidophilus 
prevent the reduction in the phosphorylation 
of actinin, occludin, and Zo-1 induced by eIeC 
[56]. L. sobrius inhibits the delocalization of Zo-
1, the reduction in the amount of occludin, the 
rearrangement of F-actin, and the dephosphor-
ylation of occludin caused by eTeC [100].

The mucin layer enforces the intestinal barrier 
by preventing the attachment of pathogenic bac-
teria. Various Lactobacillus strains which adhere 
to HT29 cells (such as L. rhamnosus GG and  
L. plantarum 299v) induce the up-regulation of 
MUC3 mrNa expression and extracellular secre-
tion. Lactobacillus strains with minimal ability 
to ahere to epithelial cells (such as L. acidophilus 
strain dds-1) have no such effect [139].

The ability to induce MUC3 secretion is paral-
leled by an inhibitory effect on the adherence of 
ePeC strain e2348/69 [139]. Most likely, MUC3 
is not anchored but is secreted into the lumen 
where it interacts with or binds ePeC and is sub-
sequently flushed out by peristaltic motions.

Incubation of HT29 cells with L. plantarum 
299v increased MUC2 and MUC3 mrNa expres-
sion levels, and this was proposed as a reason 
for its inhibitory effect on the adherence of E. coli 
strain e2348/69 and eHeC strain Cl8 (serotype 
o157:H7) to the cells [97].

MUC2 expression is also increased when  
L. acidophilus a4 cell extract is added and is con-
sidered as part of the mechanism that reduces 
the degree to which E. coli o157:H7 attaches to 
epithelial HT29 cells [96].

L. casei GG significantly reduces E. coli C25 
translocation through Caco-2 monolayers. This 
d. ProbIoTICs
is attributed to the up-regulation of MUC2 rNa 
and protein expression [103].

6. conclUsIon

Many diseases of the GIT involve changes 
in the transport and barrier functions of intesti-
nal epithelia. In clinical studies, probiotics have 
proven beneficial in infectious diarrhea in chil-
dren, traveler’s diarrhea, and C. difficile colitis 
and have shown promising effects on diseases of 
the inflammatory bowel complex. However, only 
a small number of studies have actually included 
experimental parameters precisely assessing 
the effects of probiotiocs on epithelial integrity 
or transport functions in order to overcome the 
descriptive character of the early observations. 
Most of the recent studies have been conducted 
in animal or cell models and have included the 
characterization of receptors and signal cascades, 
the regulation of genes, and the modulation of 
transport or TJ proteins, so that, in some cases, 
the mechanisms of action are exactly character-
ized, e.g. with regard to the effects of S. boular
dii. despite these efforts and some progress in 
the last few years, our knowledge of the mecha-
nisms and signaling pathways used by probiot-
ics remains limited.

The effects of probiotics, although produc-
ing similar results on transport and barrier 
functions, are mediated by different probiotic- 
specific pathways. Hence, it is hardly possible to  
make general conclusions. The interpretation 
of results from studies on probiotics is further 
complicated by the fact that some probiotics 
obviously protect or improve epithelial func-
tions per se, independently of pathophysiologi-
cal challenge, whereas other probiotics exert 
their positive effects specifically against individ-
ual pathogens. Furthermore, the dose, time, and 
duration of the application of probiotics have a 
determining impact on the effects exerted.
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Future research is needed with regard to 
dose–response relationships and to the char-
acterization of the signaling pathways and the 
mechanisms of action that mediate probiotic 
effects. This should help us to apply probiotics 
in a more targeted and efficient way against dis-
eases involving changes in epithelial transport 
and barrier functions.
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C H A P T E R
1. InTrODUcTIOn

Probiotic, prebiotic and symbiotic foods are 
a growing sector of the food industry. The most 
common presentation of probiotic foods is the 
daily-dose drink [1] (single serving 65–125 mL) 
which is supposed to contain an effective dose of 
bacteria. These daily-dose drinks are commonly 
fermented milks or yogurt drinks flavored with 
juice or juice concentrates. Other active ingre-
dients are often added: prebiotics, plant sterols 
or stanol esters for lowering levels of serum  
cholesterol and antioxidative substances. Other 
foods susceptible and can be used in delivering 
probiotics are ice-cream, cheese, candy, choco-
late and chewing gum, oat- or soy-enriched 
milks or directly oat- or soy-based products and 
a huge category of infant formula; fermented 
meat products are also being studied [2, 3]. 
33Bioactive Foods in Promoting Health: Probiotics and Prebiotics 
Probiotic foods and supplements are covered 
by the Food Products Directive and Regulation 
(178/2000/EC), whereas nutrition and health 
claims of such products fall under the regu-
lation 1924/2006/EC. Under this regulation, 
the use of unauthorized claims and promises 
is not allowed and so there is an urgent need 
to provide consumers with the information on 
the validation of the probiotic effects of com-
mercially available probiotic foods or either 
revise label information of products. In order to 
properly inform the consumers, manufacturers 
should provide information on: 1) identification 
of the genus, species and strain of the probiotic 
present in the product; 2) citations of published 
human studies on the effectiveness of the probi-
otic strain in the product; 3) assurance that the 
product contains the effective level of the probi-
otic through the end of shelf life as determined 
in the published studies [4].
5 © 2010, Elsevier Inc. All rights reserved.
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Regarding the probiotics bacteria used (Table 
22.1), they are mainly bifidobacteria and lacto-
bacilli, and they are often labeled and marketed 
with imaginative names (Bifidobacterium diges-
tivum, Lactobacillus anti-caries …). bifidobacteria 
from infant origin seem to grow better than from 
adult origin. They have low acid tolerance, low 
oxygen tolerance, and milk-based medium are 
suitable for their growth. Lactobacilli grow quite 

TAblE 22.1 Potentially probiotic cultures used in 
probiotic foods or probiotic food supplements

Genera Species

Lactobacillus acidophilus/johnsonii/gasseri
delbrueckii subsp. bulgaricusa

casei
crispatus
lactis
paracasei
fermentum
plantarum
rhamnosus
reuteri
salivarius

Bifidobacterium adolescentis
animalis/lactis
bifidum
breve
essensis
infantis
longum

Bacillus subtilisb

clausiib

Enterococcus faecalis
faecium

Escherichia coli strain nissle

Pediococcus acidilacti

Propionibacterium freudenreichii

Saccharomyces boulardii

Streptococcus thermophilusa

aYogurt starter cultures.
bspores.
D. PRObIOTICs
well in milk media. some species of lactobacilli 
are acid tolerant or aciduric. selection of probiotic 
strains for technological performance is needed 
[5]. The main technological properties of probiot-
ics (given that they should fulfill the desired bio-
logical effect and have no toxicity) are:

l oxygen tolerance;
l acid tolerance;
l bile tolerance;
l heat tolerance;
l ability to grow in milk;
l ability to metabolize prebiotics;
l not adversely affect product quality or sensory 

characteristics;
l stable to commercial conditions.

There is a need to implement reliable selective 
enumeration media to assure the final counts of 
probiotic bacteria in foods, as it is widely accepted 
that many ‘selective’ or ‘differential’ media fail to 
assure selective counts of probiotic bacteria. In 
this case, molecular genetics provides more accu-
rate tools for their identification.

Many reviews provide comprehensive views on 
probiotics and prebiotics [1, 4, 6, 7]. The most com-
monly used prebiotics are fructans and resistant 
starches. Fructans are a group of naturally occur-
ring oligosaccharides and fructo-oligosaccharides 
found in milligram quantities in onions, bananas, 
wheat, artichokes, garlic and other whole foods. 
They are usually extracted from chicory or manu-
factured from fructose. Fructans are not a homoge-
neous group as they are distinct in origin, structure 
and fermentation characteristics. Resistant starch 
has been, and is being, investigated as a prebiotic 
ingredient. Resistant starch is found in unripe 
fruits (like banana), raw potatoes, cooked and 
cooled starchy products (retrograded starch). It is 
specially manufactured for the food industry and 
there are many types of modified starches; not all 
of them are resistant to digestion. The group of 
prebiotic ingredients will continue to expand as 
ingredient technology develops. Dosage of prebiot-
ics ranges from 2.5 to 20 g resistant starch/day [4], 
 anD HEaLTH



3371. INTRODUCTION
TAblE 22.2 Substances with proven prebiotic properties

Carbohydrate Non-digestible Fermentable Selectively used

Inulin Yes Yes Yes

Oligofructose Yes Yes Yes

Trans-galacto-oligosaccharides Yes Yes Yes

Lactulose Yes Yes Yes

Isomalto-oligosaccharides Partially Yes Probably

Lactosacarose nP Yes Probably

Xylo-oligosaccharides nP Yes Probably

soy oligosaccharides Yes Yes nP

Resistant starcha Yes Yes nP

nP, not yet proven. adapted from: Gibson, G. R., Probert, H. M., Van Loo, J. et al. (2004). Dietary modulation of the human 
colonic microbiota: Updating the concept of prebiotics. Nutrition Research Reviews, 17(2), 259–275.
aDepending on crystallinity of the polymorph (Lesmes, U., beards, E. J., Gibson, G. R. et al. (2008). Effects of resistant starch 
type III polymorphs on human colon microbiota and short chain fatty acids in human gut models. Journal of Agricultural and 
Food Chemistry, 56(13), 5415–5421).
3 to 8 g fructans/day [4, 8]; however, substrate spe-
cificity may be important in considering prebiotic 
products and dose level.

The International scientific association for 
Probiotics and Prebiotics [9] has set down that: 
‘Prebiotics target the microbiota already present 
within the ecosystem acting as a “food” for the 
target microbes seen as beneficial’. a good prebi-
otic should:

l be safe;
l have good sensory properties;
l be stable under heat and when dried;
l withstand storage at room temperature;
l resist degradation by stomach acid, 

mammalian enzymes or hydrolysis;
l be fermented by intestinal microbes;
l selectively stimulate the growth and/or 

activity of positive microorganism of the gut;
l have proved health effects by clinical studies 

in humans;
l be administered in adequate dose (5–8 g/day 

for fructans).
D. PRObIOTICs
Only bifidogenic, non-digestible oligosac-
charides (particularly inulin) and its hydrolysis 
product (oligofructose) and trans-galacto-oligosac-
charides, appear to fulfill all of the criteria for 
prebiotic classification (Table 22.2). They are diet-
ary fibers with a well-established positive impact 
on the intestinal microflora. some prebiotics occur 
naturally in foods, but to exert prebiotic effect it 
would be necessary to intake a large amount of 
these foods, so it is more popular to fortify food-
stuffs with defined amounts of prebiotics. as most 
common prebiotics are water soluble and clear in 
water, they are easily incorporated in most foods 
and almost undetectable.

Prebiotic carbohydrates are metabolized only 
by selected members of the gastrointestinal (GI) 
tract. but given the known metabolic diver-
sity of probiotics, there is considerable varia-
tion in prebiotic activity scores for a particular 
prebiotic utilized by a single probiotic strain or 
even strains within a single species. Utilization 
of prebiotics by lactic acid bacteria (Lab) and 
related bacteria requires the presence of specific 
 anD HEaLTH
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hydrolysis and transport systems for the par-
ticular prebiotic. The selective use of prebiotics 
by the target probiotics may be effective in vitro 
with pure culture, but in a mixed culture may 
not be that efficient. It is known that in the GI 
tract there are commensal organisms such as 
Escherichia coli, some Bacteroides and others that 
have the ability to metabolize these sugars [6]. 
In addition, the metabolic process may release 
hydrolysis products to the extracellular space 
and they may cross-feed other non-fermentor 
species. a prebiotic assay has been developed 
and it has been proven that in order to formulate 
symbiotics there is a need to evaluate the opti-
mized combination of pre- and probiotics [6].

Inulin-type prebiotics include fructo-oligosac-
charides (FOs), oligofructose, and inulin—terms 
that have been used inconsistently in both the 
scientific literature and food applications [7]. 
Commercially available inulin-type prebiotics 
can be extracted from food (typically chicory 
root) or synthesized from a more fundamen-
tal molecule (typically sucrose). Depending on 
the starting source and degree of processing,  
inulin-type prebiotics can be produced with 
very different chemical compositions. all inulin-
type prebiotics are bifidogenic—stimulating the 
growth of bifidobacteria species. a minimal dose 
of inulin-type prebiotic appears to be needed to 
produce a bifidogenic effect. However, there is 
strain dependent intra-individual response to an 
identical dose of the same inulin-type prebiotic.

symbiotics are foods with prebiotics and 
probiotics, where the presence of prebiot-
ics improves the survival of probiotic bacteria 
during the storage of the product and during 
the passage through the intestinal tract and 
may enhance the implantation of probiotics in 
colonic microbiota.

Other chapters of this book deal with the eval-
uation of probiotics and prebiotics, the prepara-
tion of probiotic cultures, probiotic dairy foods, 
probiotic infant formula and probiotic vegetable 
products. This chapter aims to review the impact 
of food formulation and food processing on the 
D. PRObIOTICs
survival, growth and activity of probiotics and 
prebiotics as well as food quality and stability.

2. EffEcT Of fOOD  
prOcESSIng On prEbIOTIc 

IngrEDIEnTS AnD  
prObIOTIc bAcTErIA

2.1. Effect of food processing on 
probiotic bacteria

Probiotic cultures are commonly included in 
fermented milks and it is widely accepted the 
need to develop foods containing probiotic bac-
teria in sufficient numbers (over 7 log cfu/g). 
such counts may be present until the end of shelf 
life; however, foods pose hurdles for the sur-
vival of probiotics such as acidity, oxygen stress, 
competition with other microorganisms of the 
product, storage temperature and moisture con-
tent [10]. There is considerable strain variability 
for acid, bile and oxygen tolerance. For some 
strains and manufacturing conditions, it is pos-
sible to use only the probiotic strain as an acid 
producing strain, but it is more usual to use it 
in combination with supporter cultures. In non-
dairy products, probiotics do not usually multi-
ply, and so its stability is critical. Interactions of 
probiotics with starter bacteria should be evalu-
ated prior to product development, especially 
metabolites released by starters: lactic acid, 
hydrogen peroxide and bacteriocins [11].

a first step for the manufacture of probiotic 
foods is the availability of commercial starter 
cultures. The preparation of bulk cultures is dif-
ficult, and may be reviewed in another chapter 
of this book; the most common presentations are 
freeze-dried powders, frozen concentrates and 
spray-dried powder. The main challenges asso-
ciated with the development of dried probiotic 
cultures are [10]:

l Freeze drying: the loss of viability in this 
process is linked to temperature changes, 
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phase changes and drying as all tend to 
damage cell membranes and proteins. The 
use of cryoprotectants may reduce its impact 
on cell viability.

l Spray drying: its cost is lower than that of 
freeze drying; some species of lactobacilli 
and bifidobacteria undergo successful spray 
drying. but many strains do not easily survive 
the spray-drying process: present low survival 
rates, low stability under storage or difficulties 
during rehydration. Controlled stress to 
stimulate cross-protection mechanisms and 
encapsulation may be applied to enhance 
bacterial survival to spray-drying stress.

Encapsulation of probiotics is a common prac-
tice [5] in order to improve their performance 
under heat, spray drying and gastric acid expo-
sure. several techniques of encapsulation have 
been reported: spray drying, extrusion, emulsion 
and phases separation. some possibilities are the 
encapsulation in calcium alginate beds, starch, or 
mixtures as gum acacia combined with gelatin 
and soluble starch. In any case, the coating may 
be suited to the food application of the probiot-
ics, and their protective effect against acidity, bile 
salts and heat has to be tested. They appear to 
provide significant protection, and hexopolysac-
charide-producing strains of bifidobacteria may 
be naturally protected. several microencapsulated 
probiotics have been successful in acid, bile and 
heat tolerance tests [12, 13].

Excellent reviews on the challenges of probi-
otic inclusion in foods are available [5, 8, 10–12, 
14]. Even international organizations have directed 
efforts in this direction. The EU Commission 
financed a project on the processing effects on the 
nutritional advancement of probiotics and prebi-
otics [8]. The researchers demonstrated that cell 
viability—storage stability and probiotic proper-
ties (acid/bile tolerance)—could be influenced 
by fermentation technology and downstream 
processing. ‘Viability’ is the percentage of viable 
cultures at the end of the shelf life of a food prod-
uct and ‘vitality’ is its ability to resist external 
D. PRObIOTICs
stress conditions occurring in a food product dur-
ing its shelf life, resulting in a higher survival rate 
during passage in the GI tract [8]. both character-
istics are relevant for the successful inclusion of 
probiotics in foods. We will center the efforts in 
food product development and so we review the 
related conclusions on this topic.

Critical environmental factors for probiotic sur-
vival in fermented foods are oxygen stress, acid-
ity, osmotic pressure, storage temperature and 
co-culture competition. a high strain dependency 
has been reported on the response to such factors.

Oxygen Stress

as probiotics are anaerobic, the use of imper-
meable containers and the presence of S. ther-
mophilus, which acts as an oxygen scavenger, 
enhance probiotics survival [14]. Oxygen has a 
direct toxicity to probiotic cells, probably due to 
the intracellular production of hydrogen peroxides  
of certain cultures, particularly Lactobacillus  
delbrueckii ssp. bulgaricus (L. bulgaricus), which is 
a reason that justifies the removal of this specie 
from the starter cultures in order to enhance the 
survival of probiotic bacteria [12]. The elimina-
tion of peroxide-producing strains and the addi-
tion of antioxidants (such as ascorbic acid) may 
be used in order to prevent oxygen derived tox-
icity. It has been reported that Propionibacterium 
freudenreichii produces extracellular growth 
stimulator(s) for bifidobacteria that effectively 
suppress the production of peroxide under 
anaerobic conditions [15]. The effects of packag-
ing materials on the survival of probiotics have 
been evaluated [16]: the lower the level of oxy-
gen the more favored the survival of probiotics 
is. The use of glass containers favors the survival 
of probiotics due to their low oxygen perme-
ability; however, the high costs and hazards of  
handling make it an inappropriate packaging for 
dairy products. The development of multilayer 
packaging with selective permeability and the 
inclusion of oxygen scavengers in the packaging 
material have potential application for probiotics 
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foods. Further research is needed to optimize 
its use and make this possibility technologically 
and economically viable.

Acidity

Over-acidification in fermented milks is 
mainly due to strains of L. bulgaricus, which is 
the reason why this strain is sometimes reduced 
or suppressed from starter cultures [12, 14]. 
Probiotic lactobacilli are more acid tolerant than 
bifidobacteria although acid tolerance is strain-
dependent [12, 14, 17]. For practical application, 
final pH must be maintained above 4.6 to pre-
vent the decline in bifidobacteria populations 
[14]. It has been suggested that over-acidification  
may be prevented by: i) heat shock (58°C for 
5 min) to yogurt before the addition of probiotic 
cultures; ii) lowering storage temperature to 
less than 3–4°C; and iii) adding whey proteins 
[8] to improve buffering capacity of yogurt, 
as well as the proper selection of acid toler-
ant strains together with the reduction of even 
elimination of L. bulgaricus (to reduce over-
acidification and hydrogen peroxide release). 
Cheeses with higher pH than fermented milks 
may be better vehicles for probiotic [18], low-fat 
Cheddar cheese confers better protection dur-
ing storage and passage through the GI tract to 
Lactobacillus casei than yogurt. When matured 
cheeses are to be used as carriers, it must be 
taken into consideration that high numbers 
of probiotic bacteria will be alive at the time 
of consumption, so either the strains must  
be capable of growing during cheese ripening  
or they should be inoculated at high levels 
during cheese manufacture and survive the 
ripening period. It seems that some adapta-
tion mechanisms to acidity occurs. It has been 
observed that Lactobacillus acidophilus suffered 
greater viability losses during storage of refrig-
erated yogurt when the probiotic was added  
to the yogurt prior to storage rather than when 
it was added at the beginning of fermen- 
tation [19].
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Starter Cultures

When mixing probiotics with starter cultures, 
every single strain needs to be tested together 
with the starter to evaluate competitive growth as 
well as stability during storage. Microbial metab-
olism releases to the medium bacteriocins which 
may reduce the growth of unwanted microor-
ganisms [20], as well as hydrogen peroxide and 
organic acids. all of them may decrease probiotic 
populations; but metabolism also releases vita-
mins, free amino-acids, and may cause oxygen 
depletion (S. thermophilus) in which case probi-
otics survival is enhanced [14]. The addition of 
lactic acid bacteria (Lab), together with probiot-
ics, slows the growth of the probiotics [12] due 
to the fast growth of the Lab and the liberation 
of bacteriocins and other inhibitors. However, it 
seems that bifidobacteria perform better when it 
is inoculated separately from the starter cultures, 
whereas L. acidophilus performs better when it 
is added together with the traditional starter  
cultures [14]. To enhance probiotic survival, sev-
eral strategies may be used [12]:

l Reduction of the inoculate starter with 
the risk of liberation of inhibitors from 
the probiotic bacteria that may inhibit the 
starters, or inhibit the probiotics between 
themselves.

l The use of starters with proteolytic or oxygen 
scavenging properties which may enhance 
bifidobacteria growth.

l The addition of soy-based substrates which 
enhances the growth of probiotic lactobacilli.

l Promotion of sequenced growth, as for 
propionibacteria following the lactic 
fermentation, so they may use the lactate; 
sometimes associations between probiotic 
cultures may be beneficial.

l Interactions between probiotic yeasts and 
starters may be of interest and need to be 
explored.

It is usual to avoid the inoculation of probi-
otics together with lactic cultures; addition of 
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probiotics after fermentation, just before pack-
aging, is the most common industrial practice 
in fermented milks [10]. bacteriophages are not 
yet a big concern for probiotics, but the problem 
may rise if a given strain is extensively used. 
Preventive strategies may be: i) strain rotation, 
ensuring the same biological effect on health of 
the new strain, which is rather difficult; and ii) 
adding the probiotic at the very end of the man-
ufacturing process, which is costly. Inoculation 
practice also affects probiotic survival: higher 
inoculation of conventional starter cultures will 
lead them to dominate the fermentation and 
result in lower populations of probiotics in the 
final product, and high numbers of inoculation 
(up to 10–20%) favor the growth of probiotic 
bacteria [14]. However, although counts of probi-
otic bacteria are desired to be high, low sensory 
scores have been reported for yogurts with exces-
sive inoculations of L. acidophilus (2.33 g/100 g) as 
well as increased syneresis and higher a* and b* 
values [21].

Incubation Temperatures

Temperatures of 43°C favor starter cultures, 
whereas lower temperatures (37–40°C) favor the 
growth rate and survival of probiotic bacteria [14].

Osmotic Pressure

Osmotic pressure effects are strain specific, 
most studies are in the usual range of probiotic 
foods formulation (from 0 to 10% sucrose addi-
tion) [8]. salt tolerance needs to be tested when 
matured cheeses or fermented sausages are 
intended to use as probiotic carriers.

Heating Effects

Heating under 45°C is not detrimental to pro-
biotics, but over 45°C will destroy at least a frac-
tion of the population [12]. L. acidophilus is quite 
sensitive to heating, and in general, heat treat-
ments over 65°C are quite detrimental to probi-
otics. Microencapsulation or probiotic addition 
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previous to aseptic packaging may be good 
options to protect against heat damage. The pos-
sibility of pre-adapting the probiotic cells with 
naCl, bile salts, heating, and hydrogen peroxide 
has been suggested [10]. The previous heat treat-
ment of the milk may affect the growth of probi-
otics: milks heated at 85 to 95°C seem appropriate 
for the subsequent growth of probiotics.

High Pressure Homogenization

an interesting finding is that milk treated by 
high pressure homogenization when used for 
the manufacture of probiotic Crescenza cheese 
enhanced the viability of L. acidophilus and 
Lactobacillus paracasei [22].

Storage Temperature

It seems that the ability to survive during  
processing and storage are not linked [12]: 
Freezing does not seem to affect the ability to 
assimilate cholesterol, but this character can be 
reduced in L. acidophilus following storage in 
unfermented milk at 5°C for 21 days [12]. The 
effect of refrigerated storage temperature (at 2, 5  
and 8°C) on the viability of probiotics (L. aci-
dophilus, Bifidobacterium animalis subsp. lactis 
bb12) in yogurt has been studied [23]. after 20 
days, storage at 2°C resulted in the highest via-
bility of L. acidophilus, whereas for B. lactis the 
highest viability was obtained when yogurt was 
stored at 8°C. However, although bifidobacteria 
are less tolerant to low temperatures than lacto-
bacilli, low storage temperatures favor the sur-
vival of probiotics as L. bulgaricus growth and 
post-acidification are restricted [14]. although 
tolerance to frozen stress is strain dependent, 
most lactobacilli survive well-frozen storage. 
Ice-cream, which is subject to freezing and has 
high pH, seems to be a good product for the 
delivery of probiotics. The survival of two pro-
biotic (L. acidophilus La5 and B. animalis subsp. 
lactis bb12) inoculated at 4% dose in ice-creams 
(4% fat) and stored at 25°C for 60 days was 
studied [24]. both probiotics had final counts 
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over 6 log cfu/g. Frozen yogurts are the ones 
with more difficulties as low pH, freezing inju-
ries, high temperatures of treatment, oxygen 
toxicity or moisture content may reduce pro-
biotic survival. several solutions can be given 
[10]: the addition of substances with cryopro-
tective properties, usually present in ice-cream 
formulations (including casein, sucrose, fat and 
glycerol), or even the use of microencapsulation 
technologies to aid in pH protection (encapsu-
lation in gelatin and vegetable gums). Regular 
ice-creams, non-fermented, have the advantage 
of having moderate pH.

Type of Substrate

Milk types may influence probiotics sur-
vival [12]. However, there is no conclusive data 
at this point. These studies have been reported 
primarily on cows’ milk but also on sheep, 
goat, camel and buffalo milk. Probiotic cultures 
generally grow faster on synthetic media than 
in pure milk; that may be due to the low pro-
teolytic activity of milk. Mixing non-proteolytic 
strains with a high proteolytic Lab may seem 
helpful but the growth of Lab may overwhelm 
the probiotics and so sometimes milk is sup-
plemented with yeast extract, a combination of 
substances (amino acids, minerals, ribonucle-
otides), or casein hydrolysates. This strategy 
works better for lactobacilli than for bifidobacte-
ria where other factors such as redox conditions 
have greater impact. Regarding yeasts, although 
many types of yeast are unable to grow in milk, 
some yeasts have the ability to become estab-
lished in dairy products and act as starters (i.e. 
Kefir starters). The potential use of yeasts as 
probiotics is of great interest due to their abil-
ity to grow at low pH, low water activities, 
low temperature and high salt concentration. 
Essential variables for the propagation of micro-
organisms in milk and milk products are the 
type and quantities of available carbohydrates 
and the degree of hydrolysis of milk proteins 
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and lipids [10]. Dry-cured meat products have 
the advantage of not suffering heat treatment 
and having a moderate high pH which is ben-
eficial for the growth and survival of probiotics.

Growth Promoting Factor

several bifidogenic factors have been reported: 
fructo-oligosaccharides, galacto-oligosaccharides, 
protein hydrolysates, and the co-culture of pro-
teolytic species. Regarding protein hydrolysates, 
casein hydrolysates, yeast extracts, amino sug-
ars, and peptides have been studied to improve 
the growth of bifidobacteria [10]. some strains 
do not grow well in milk. In such cases the pres-
ence of plant-based ingredients may improve 
the growth of probiotic cultures in milk [10, 
12]: tomato juice, peanut milk, soy milk, buf-
falo whey/soy milk, rice, carrot and cabbage 
juice, as well as casein peptone, whey protein, 
sucrose, papaya pulp, manganese and mag-
nesium ions, simple fermentation sugars or 
combinations of various. Growth promoting 
factors in probiotic fermented milks to stimu-
late L. acidophilus are [14]: 1) the combination 
of casitone, casein hydrolysate and fructose; 
2) whey protein concentrate, tomato juice and 
papaya (due to simple sugars and minerals);  
and 3) acetate. and to stimulate bifidobacte-
ria: i) cysteine, acid hydrolysates, tryptone;  
ii) peptides and amino acids; iii) vitamins, dex-
trins and maltose; and iv) 0.01% baker’s yeast. 
Finally, for both lactobacilli and bifidobacteria: 
microencapsulation combined with the addition 
of oligosaccharides.

Evidences of the beneficial prebiotic–
 probiotic interaction in finished foods have 
been reported [8]. Inulin, oligofructose and 
galacto-oligosaccharides were supplemented in 
the milk-based media for bifidobacteria. Five 
percent of oligofructose was the best growth 
promoter of bifidobacteria and also enhanced 
viability of bifidobacteria during the refriger-
ated storage of yogurts. In in vitro studies, it 
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has been reported that the presence of up to 3% 
oligofructose improves the survival of probiot-
ics during gastrointestinal transit but this effect 
was only found when yogurts were stored for 4  
or more weeks. Lactitol and various types of 
fructose containing oligosaccharides and other 
potential prebiotic carbohydrates were tested 
for feeding rats with probiotics and evaluate 
the production of short-chain fatty acids by 
them as estimators of the capability to improve 
colonic health and reduce the prevalence of 
colonic diseases. Fructose containing oligosac-
charides (FOs) performed better than lactitol as 
FOs metabolisms increased the release of pro-
pionic and butyric acid, whereas lactitol caused 
high proportions of acetic acid. The degree of 
polymerization and the crystallinity of the car-
bohydrates are of great importance for the total 
fermentability, as well as the short fatty acid 
pattern. However, the combination of the car-
bohydrates with certain probiotic strains may 
modify the fatty acid pattern.

2.2. Effect of food processing on 
prebiotics

Regarding modification of prebiotics due to 
food processing, the effect of processing conditions  
(low pH, heating at low pH, and Maillard reac-
tion conditions) on some commercial prebiot-
ics (two types of fructo-oligosaccharides (FOs) 
and two types of inulins) have been studied 
[25]. Prebiotic activity was stable at low pH 
and Maillard reaction conditions, but heating 
at low pH caused some hydrolysis of the prebi-
otics resulting in formation of sucrose, glucose 
and fructose, and so no longer offering selective 
stimulation. This is a relevant finding for acidic 
foods such as yogurt, cultured dairy products, 
salad dressings, crackers and others.

Enzymatic modification of prebiotics in 
order to give probiotics a selective advantage 
is an interesting topic [8]. Little is known on the 
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enzymatic machinery for galactose utilization 
but glycosidases from bifidobacteria appear 
quite interesting. some of them are capable of 
elongating oligosaccharides, others can catalyze 
transglycosylation reactions, and so may pre-
pare the substrates to be utilized by probiotic 
strains. Using enzymes from bifidobacteria may 
ensure that such carbohydrates are degraded. 
These studies have focused on -galactosidase  
and -galactosidase from bifidobacteria.  
-galactosidase has low transglycosylation activ-
ity, and -galactosidase has a high transferase 
activity. These authors concluded that carbohy-
drate substrates containing a pyranose ring and 
a CH2OH group at the C-5 of the pyranose ring are 
good galactose-acceptors for the -galactosidase. 
The enzymes of interest may be cloned and 
over-expressed in other microorganisms such as 
E. coli in order to further investigate the obten-
tion of better prebiotics [8].

Changes in processing steps may be done in 
food processing to enhance probiotic survival 
[12]: changes in incubation temperature, addi-
tion of enzymes (-galactosidase) to enhance 
prebiotic use by probiotics, modifying the redox 
conditions (mainly by addition of L-cysteine or 
ascorbic acid), microencapsulation of probiotics 
and others.

3. SEnSOry ASpEcTS Of 
prObIOTIc, prEbIOTIc AnD 

SyMbIOTIc fOODS

as sensory characteristics are on the basis of 
consumers’ choice and acceptance, it is needed 
to evaluate the sensory impact of probiotics and 
prebiotics in food. Most of the studies regarding 
this issue reflect that little or no effect on sensory 
properties is reported when probiotic bacteria 
are less than 10% of the total microbial popula-
tion [12]. as stated previously, an excess inocu-
lation of L. acidophilus impairs yogurt sensory 
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properties [21]. In the case of soy-based pro-
biotic foods, fermentation with probiotics 
improves flavor due to the ability of probiotics 
to reduce pentanal and n-hexanal, which are 
responsible for the beany taste of soya [12]. 
There is a need to adapt the formulation and 
starter inoculation of fruit fortified probiotic 
fermented milks to ensure optimal textural and 
sensory scores [26].

Most studies related to sensory impact of 
the inclusion of probiotics in dairy foods have 
been successful: the inclusion of L. acidophilus 
in Minas cheese in co-culture with conventional 
starters [27]; inulin and oligofructose addi-
tion to ice-cream together with L. acidophilus 
La5 and B. animalis bb12 increased apparent 
viscosity and overrun and developed the melt-
ing properties in ice-cream during storage [28]. 
Inulin yielded best results regarding rheological 
properties whereas oligofructose was needed to 
ensure counts of bifidobacteria over 6 log cfu/g. 
a symbiotic ice-cream containing 1% of resist-
ant starch, encapsulated L. casei (Lc01) and  
B. animalis subsp. lactis (bb12) ensured increased 
survival rate of probiotic bacteria in ice-cream 
over an extended shelf life [29]. The addition of 
encapsulated probiotics had no significant effect 
on the sensory properties of non-fermented ice-
cream containing resistant starch as prebiotic.

Chocolate products have also been tested as 
probiotic carriers. Chocolate mousse is an excel-
lent vehicle for the delivery of L. paracasei, and 
the prebiotic ingredient inulin did not interfere 
in its viability, or in the sensory acceptability of 
the mousse [30]. Lyophilized probiotics (L. casei 
and L. paracasei) added to dark chocolate masses 
with different sweeteners showed that sensory 
attributes of these chocolates were not differ-
ent from that of traditional chocolates. Counts 
of probiotics were within 6–7 log cfu/g after 12 
months of keeping at 4 and 18°C [31].

as an example of vegetable probiotics, calcium 
alginate immobilized L. acidophilus was used in a 
probiotic tomato juice to overcome the loss of via-
bility of probiotic free cells, due to the acidic pH of 
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the tomato [32]. Cell viability was enhanced and 
the sensory quality of the juice was improved.

4. fOOD fOrMUlATIOn  
EffEcTS On prObIOTIc  

SUrvIvAl AnD AcTIvITy

as fermented milks are the most common 
vehicle for probiotics, most of the literature 
regarding the effect of food formulation on pro-
biotic survival is centered in dairy products. 
Regular yogurts are fortified in milk non-fat 
solids; if they contain fruits, they have addi-
tional carbohydrates in the form of sucrose, 
glucose and fructose. It is commercial practice 
that probiotic yogurts contain higher fat, non-
fat solids and have a higher pH than regular 
yogurt [33]. There is no evidence that the sugar 
used to sweeten yogurt negates the health ben-
efits associated with the probiotics contained 
in the yogurt [4]. also, regarding dairy ingre-
dients, total solids of milk and milk-whey mix-
ture affected the viability of L. delbrueckii subsp. 
bulgaricus and L. acidophilus [34]. Fat content 
does not affect probiotic stability during storage 
[12]. some ingredients may influence growth 
of the probiotic bacteria as salts, sweeteners, 
aroma compounds and preservatives.

4.1. Effects of food Ingredients on 
probiotic Survival

Carbohydrates: Prebiotics and Others

Many studies report results on the effect of 
the inclusion of prebiotics in food formula in 
the survival and growth of probiotics. The met-
abolic capacity to form acid from dietary sugars 
differed significantly between probiotic strains 
[35]. Regarding the addition of carbohydrates to 
fermented yogurts and milks, the effect of chain 
length of inulins (short (P95), medium (GR) and  
long (HP) chain lengths) on the characteristics 
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of fat-free plain yogurt manufactured with  
L. casei has been studied [36]. Flavor scores and 
yogurt syneresis decreased with increased chain 
length, although body and texture improved.

Co-culture, together with prebiotics addition, 
has been demonstrated to be highly beneficial by 
several authors. Inulin (4%) has been used as a 
prebiotic to improve the quality and consistency 
of skim milk fermented by co-cultures and pure 
cultures of L. acidophilus, Lactobacillus rhamnosus, 
L. bulgaricus and B. lactis with S. thermophilus 
[37]. It was reported that inulin addition to the 
milk increased in co-cultures acidification rate, 
favored post-acidification, exerted a bifidogenic 
effect, and preserved almost intact cell viability 
during storage. In addition, S. thermophilus was 
shown to stimulate the metabolism of the other 
lactic bacteria. Contrary to co-cultures, most of 
the effects in pure cultures were not statistically 
significant. The simultaneous effects of different 
binary co-cultures of L. acidophilus, L. bulgaricus, 
L. rhamnosus and B. lactis with S. thermophilus 
and of different prebiotics (4% (w/w) malto-
dextrin, oligofructose and polydextrose) on the 
production of fermented milk was studied [38]. 
Fermented milk quality was strongly influ-
enced both by the co-culture composition and 
the selected prebiotic. Depending on the co-
culture, prebiotic addition to milk influenced 
to different extent kinetic acidification param-
eters. Polydextrose addition led to the high-
est post-acidification. Probiotic counts were 
stimulated by oligofructose and polydextrose, 
and among these B. lactis always exhibited the 
highest counts in all supplemented milk sam-
ples. However, other studies [39] reported that 
oligofructose did not show any significant influ-
ence on fermentation time, acidity, syneresis and  
probiotics survival of fermented milks. The 
highest amounts of conjugated linoleic acid 
(CLa) (38% higher than in the control) were 
found in milk fermented by S. thermophilus– 
L. acidophilus co-culture and supplemented with 
maltodextrin [36]. The CLa formation in yogurt 
containing L. acidophilus or B. animalis and/or 
D. PRObIOTICs
2% fructo-oligosaccharide (FOs) and formu-
lated with three commercial starter cultures has 
been studied [40]. The addition of FOs alone 
did not significantly affect CLa isomer forma-
tion in yogurts. significant increases in CLa 
formation were obtained by using L. acidophilus 
or B. animalis in yogurt manufacture. The high-
est increases in c9t11-CLa isomer and total CLa 
content were found in yogurts manufactured 
with L. acidophilus and FOs and B. animalis  
and FOs.

The addition of prebiotics to cream cheeses 
has been successful. The addition of inulin, oli-
gofructose and oligosaccharides from honey 
to probiotic petit-suisse containing (B. animalis 
subsp. lactis and L. acidophilus) yielded high pro-
biotic counts for all formulations but best sensory 
scores for the combination of inulin and oligof-
ructose [41]. Petit-suisse cheese formulations 
combining candidate prebiotics (inulin, oligof-
ructose, honey) and probiotics (L. acidophilus, B. 
animalis subsp. lactis) have been evaluated [42]. 
Prebiotic effect was measured by comparing bac-
terial changes through determination of maxi-
mum growth rates of groups, rate of substrate 
assimilation and production of lactate and short- 
chain fatty acids. Highest prebiotic effects were 
obtained with addition of prebiotics to a probiotic 
cheese. Inulin has been successfully inoculated 
in a probiotic fresh cream cheese (L. paracasei) 
obtaining good sensory scores [43]. sugar and 
aloe vera, sugar and chocolate, and sugar and 
jam have been tested on probiotic sweet whey 
cheeses [44]. all combinations yielded high sur-
vival rates. additives enhanced the organoleptic 
features of whey cheeses, and produced different 
textural patterns.

Proteins

The effect of the addition of 1–2% of a protein- 
based fat replacer on the growth and metabolic 
activities of yogurt starters (S. thermophilus and  
L. delbrueckii ssp. bulgaricus) and probiotics (L. casei,  
L. acidophilus, and Bifidobacterium longum) has 
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been tested [45]. The addition of the fat replacer 
resulted in a significantly improved growth of 
S. thermophilus and B. longum but inhibited that 
of L. casei, L. acidophilus, and L. delbrueckii ssp. 
bulgaricus.

Whey protein concentrate has also shown to 
increase probiotic survival in foods: The viabil-
ity of yogurt starter cultures and B. animalis in 
reduced-fat yogurts supplemented with 1.5% 
fructo-oligosaccharide or whey protein concen-
trate has been studied [46]. supplementation 
with 1.5% whey protein concentrate in reduced-
fat yogurt increased the viable counts of S. ther-
mophilus, L. delbrueckii subsp. bulgaricus, and  
B. animalis by 1 log cycle in the first week of stor-
age when compared to control sample. similar 
improvement in the growth of both yogurt bac-
teria and B. animalis was also obtained in the 
full-fat yogurt containing 3% milk fat and no 
supplement.

Yeast Extracts

Yeast extracts have been successful in increas-
ing probiotic survival: Lactobacillus reuteri RC-14 
and L. rhamnosus GR-1 survival was tested on 
low-fat yogurt (1% fat) enriched with: 0.33% yeast 
extract (T1); 0.4% inulin (T2); 0.33% yeast extract 
and 0.4% inulin (T3); and one with no additives 
(T4) [47]. L. rhamnosus GR-1 survived better than 
L. reuteri RC-14 and that survival was highest in 
media including 0.33% yeast extract (T1 and T3).

Addition of Fruit Products

several fruit ingredients seem to enhance 
probiotic survival: the addition of either 5 or  
10 g/100 g fruit preparations had no significant 
effect on the viability of the probiotic strains 
evaluated except on L. acidophilus LaFTI® L10 
yogurt with 10 g/100 g passion fruit or mixed 
berry. all yogurts presented high counts of pro-
biotics at the end of a 35-day shelf life [48]. The 
addition of citrus fiber to probiotic fermented 
milks stimulated the growth and survival of  
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L. casei and L. acidophilus, whereas bifidobacteria 
was unevenly affected. The co-culture with con-
ventional starters favored the survival of pro-
biotics [49]. a probiotic coconut flan, with high 
counts of probiotics (B. animalis subsp. lactis,  
L. paracasei and B. lactis + L. paracasei) and high 
sensory scores was successfully developed [50].

Soy Ingredients

soy-based foods and soy ingredients are 
increasingly demanded by consumers due to 
their healthy image: they target pre- and post-
menopausal women, milk allergies or intoler-
ants. such ingredients are often added to dairy 
foods or directly processed to obtain dairy imi-
tation products. Many studies report interac-
tions among soy components and probiotic 
bacteria. The addition of skim milk powder for 
the manufacture of fermented soy milk supple-
mented with probiotic bacteria (L. acidophilus 
4461, L. acidophilus 4962, L. casei 290 and L. casei 
2607) increased microbial counts of probiotics 
and enhanced the biotransformation level of iso-
flavone glycosides to isoflavone aglycones [51]. 
L. acidophilus 4461, L. acidophilus 4962, L. casei 
290, and L. casei 2607 presented higher activities 
to hydrolyze isoflavone glycosides to biologi-
cally active forms—isoflavone aglycones—in soy 
milk when 0.5% (w/v) of lactulose was added 
[52]. Probiotic counts were also increased. The 
reverse option, the supplementation of skim 
milk with soy protein isolate together with six 
probiotic organisms (L. acidophilus 4461, L. aci-
dophilus 4962, L. casei 290, L. casei 2607, B. ani-
malis subsp. lactis bb12, and B. longum 20099), 
enhanced lactose utilization acetic acid produc-
tion but slightly reduced the lactic acid produc-
tion and the growth of probiotic microorganisms 
[53]. The same effect was observed for B. anima-
lis a and b (54). Three probiotics: L. acidophilus 
LaFTI® L10, Bifidobacterium lactis LaFTI® b94, 
and L. casei LaFTI® L26, were evaluated for 
the manufacture of fermented soy milk and 
production of -glucosidase for hydrolysis of 
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 isoflavone to aglycones. It was observed that all 
of them produced -glucosidase [55]. Fermenting  
calcium-fortified soy milk with L. acidophilus 
aTCC 4962, aTCC 33200, aTCC 4356, aTCC 
4461, L. casei asCC 290, Lactobacillus plantarum 
asCC 276, and Lactobacillus fermentum VRI-
003 can potentially enhance the calcium bio-
availability of calcium-fortified soy milk due to 
increased calcium solubility and bioactive isofla-
vone aglycone enrichment [56]. soy and cows’ 
milk yogurts prepared including a yogurt starter 
in conjunction with either the probiotic bacteria 
Lactobacillus johnsonii nCC533 (La1), L. rhamnosus 
aTCC 53103 (GG) or human derived bifidobac-
teria have been studied [57]. The presence of the 
probiotic bacteria did not affect the growth of the 
yogurt strains. The probiotic bacteria and the bifi-
dobacteria were using different sugars to support 
their growth, depending on whether the bacteria 
were growing in cows’ milk or soy beverage.

Non-dairy Products

several non-dairy products may be good car-
riers of probiotic bacteria such as fermented veg-
etable drinks, fermented sausages, cereal-based  
fermented drinks, as well as pharmaceutical 
preparation containing probiotic bacteria. non-
dairy probiotics are a growing field; there is a 
great demand especially from those who are aller-
gic to milk. some examples are given: carrot juice 
seems to be a good substrate for the growth and 
survival of B. lactis and B. bifidum [58]. L. rhamno-
sus was inoculated into an apple-pear-raspberry 
juice and the effect of storage conditions on pro-
biotic viability evaluated [59]. Champagne and 
colleagues obtained high counts of probiotics 
in this juice and concluded that viability losses 
were higher at 7°C than at 4°C and that over a 
few weeks of refrigerated storage good viabil-
ity of L. rhamnosus is expected even if the bottles 
have been opened and the cells exposed to oxy-
gen. In a cereal-based fermented beverage, the 
presence of yeast enhanced the growth of pro-
biotic lactic acid bacteria [60]. Other food grade 
D. PRObIOTICs
formulae may also include probiotics: fruit coat-
ings have been successfully formulated to be car-
riers of probiotic bacteria [61] like edible coatings 
for apple and papaya cuts containing B. animalis 
ssp. lactis bb12 based on alginate (2% w/v) or 
gellan (0.5%).

Cereal-based foods are a group of fermented 
foods of special interest regarding formula-
tion. The effects of the addition of -glucan 
from cereals (oat and barley) on growth and 
metabolic activity of B. animalis ssp. lactis (bb12) 
compared to unsupplemented and inulin sup-
plemented controls have been investigated [62]. 
Oat -glucan addition resulted in improved 
probiotic viability and stability comparable to 
that of inulin. It also enhanced lactic and pro-
pionic acid production. The barley -glucan 
addition suppressed proteolytic activity more 
than that from oat. These improvements were 
hindered by greater syneresis likely caused 
by thermodynamic incompatibility. The addi-
tion of -glucan may be possible at or below  
0.24 w/w% to avoid phase separation. Oat bran, 
whole and white oat flour have been tested as 
substrates for L. plantarum for the production of 
a probiotic beverage. The highest probiotic cell 
concentration was observed in white flour (9.16 
log cfu/mL) and the lowest in the bran sample 
(8.17 log cfu/mL) [63].

some fibers (oat flour, apple fiber, wheat 
dextrin, polydextrose and inulin), as carriers 
for probiotic bacteria L. rhamnosus, and the sta-
bility of probiotics during freeze drying and 
further use in apple juice and chocolate-coated 
breakfast cereals have been evaluated [64]. The 
best storage stability was obtained with wheat 
dextrin and polydextrose. In the probiotic apple 
juice, which is an acidic food, oat flour with 
20% -glucan had a protective effect on fresh 
L. rhamnosus—this effect was not observed for 
freeze-dried bacteria. In chocolate-coated cere-
als, a low water activity food, polydextrose and 
wheat dextrin provided the best probiotic pro-
tection, for 7 and 3 months, respectively. It is 
possible to use fibers to maintain the viability 
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and stability of probiotics, although this func-
tion seems to be application dependent (pH, 
food composition, water activity, etc.).

4.2. Effects of food formulation on 
probiotic Activity

Probiotic foods should meet international 
standards. They should contain appropriate 
microorganisms in shelf stable formulations that 
have been shown in well-designed clinical stud-
ies to confer defined health benefits on the con-
sumer [65], so it is crucial to prove the effect of 
the ingredients in the activity of probiotics and 
prebiotics. Prebiotic compounds may also con-
tribute to the immunomodulatory properties of 
probiotic bacteria: in a study using L. rhamnosus 
GG and B. lactis bb12 plus 10 g of inulin enriched 
with oligofructose in colon cancer patients sev-
eral colorectal cancer biomarkers were altered 
favorably by symbiotic intervention [66, 67]. 
beneficial effects of probiotics, which fermen-
tation of mannitol, fructo-oligosaccharide and 
inulin favored the production of formic, lactic 
and butyric acids, respectively, and correlated 
with cholesterol removal, have been reported 
[68–70]. The administration of certain prebiotics, 
together with the probiotics, seems to be impor-
tant in modulating gut microbiota and abdomi-
nal organ health. animal studies have shown 
that the administration of resistant starch (which 
escapes small intestinal digestion by microbes) in 
the form of high amylase corn starch decreased 
intestinal pH, increased short-chain fatty acid 
formation, and induced an apoptotic response to 
a genotoxic carcinogen [71].

However, several studies have reported no 
enhancement of the beneficial effect by admin-
istration of symbiotics [72, 73]. a symbiotic with  
L. fermentum and fructo-oligosaccharide was 
investigated to alleviate mucositis in rats.  
L. fermentum bR11 consumption reduced inflam-
mation of the upper small intestine. However, 
D. PRObIOTICs
its combination with FOs did not confer any 
further therapeutic benefit for the alleviation 
of mucositis [72]. The consumption of probi-
otic yogurt or resistant starch (as prebiotic) in 
combination with high soy intake had no effect 
on isoflavone bioavailability; probably the gut 
microflora were not modified in a manner that 
significantly affected isoflavone bioavailability 
or metabolism [73].

5. cOnclUSIOnS AnD  
fUTUrE prOSpEcTS

The consumption of designed healthy foods 
is included in the trend towards long-term pre-
vention of illness. It is in this scenario where 
probiotic, prebiotic and symbiotic foods fit. 
Probiotics need to have clinically proven health 
benefits and be able to withstand large-scale 
cultivation, concentration, incorporation and 
food manufacturing and storage. Prebiotics, as 
well as probiotics doses and types, need to be 
established to ensure that health benefits are 
accomplished, so reliable clinical data is needed 
to determine if the probiotic counts and prebi-
otic dose used are sufficient for health benefits. 
The influence of the carrier must be examined 
bearing in mind the main constraints for the 
survival of probiotics: low oxygen tolerance and 
low acidity tolerance, and the convenience of 
the inclusion of prebiotics or growth-promoting 
factors in the formulation of probiotic foods.

Future development in genomics should pro-
vide details on the physiological performance 
of health-promoting strains in a variety of envi-
ronments that may lead to novel solutions for 
current and future challenges on probiotic foods 
development. a potential major problem of pro-
biotics is the misuse of the term, as the term 
‘probiotic’ should be only applied to strains ful-
filling the outlines as given in the guidelines of 
the World Health Organization [74].
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C H A P T E R
1. ProbIoTICS: ConCePT And 
SeLeCTIon CrITerIA

The human intestinal microbiota constitutes 
a complex microbial ecosystem that plays an 
important role in health and disease. This micro-
biota may be divided in commensals, symbiotic 
and pathogenic microorganisms. A correct indi-
vidual balance of the microbiota plays a critical 
role in the maintenance of the health status of  
the host. The presence of bacterial pathogens 
may alter the intestinal bacterial homeostasis 
(microbiota composition and activity) leading 
to either an increased risk of disease or specific 
diseases. Ingested microorganisms may also be 
present. These exhibit specific beneficial prop-
erties through, for instance, microbiota modu-
lation, the so-called probiotics. The protective 
role of probiotic bacteria against gastrointesti-
nal pathogens and the underlying mechanisms 
35ive Foods in Promoting Health: Probiotics and Prebiotics 
have received special attention. Pathogen inhi-
bition by lactic acid bacteria might provide sig-
nificant protection either as a natural barrier 
against exposure in the gastrointestinal tract, or 
as a method for the preservation or decontami-
nation of drinking water or food. This would 
enhance human health and have a positive eco-
nomic impact, especially in developing countries 
where people suffer from frequent gastrointesti-
nal infections.

A probiotic has been defined as a ‘live micro-
organism which, when administered in adequate 
amounts, confers a health benefit on the host’ 
[1]. Specific strains of Lactobacillus, Enterococcus, 
Bifidobacterium and some Propionibacterium 
strains, among others, have been introduced as 
probiotics in food products due to their health-
promoting effects. Often the criteria for the 
selection of probiotics include the tolerance to 
gastrointestinal conditions (gastric acid and bile), 
ability to adhere to the gastrointestinal mucosa, 
3 © 2010, Elsevier Inc. All rights reserved.



23. PROBIOTICS AND PATHOGENS INTERACTIONS354
and competitive exclusion of pathogens [2, 3]. 
Traditionally, it has been proposed that a probi-
otic must fulfill the following criteria:

l Have a demonstrated beneficial effect on the 
host.

l be non-pathogenic, non-toxic, and free of 
significant adverse side effects.

l be able to survive through the 
gastrointestinal tract (in vitro and in vivo).

l be present in the product in an adequate 
number of viable cells to confer the health 
benefit.

l be compatible with product matrix, 
processing and storage conditions to maintain 
desired properties; and labeled accurately.

The demonstrated beneficial health effects  
of probiotic consumption consist of the regulation 
of microbiota, and stimulation and development of  
the intestinal barrier effect including the immune 
system; beneficial impact on the bioavailability of 
nutrients; a reduction or alleviation of symptoms 
of lactose intolerance; and reduction in the risk of 
specific microbiota-associated diseases, such as 
acute gastroenteritis caused by viruses or bacte-
ria, especially in infants and children. At present, 
the specific live microbial food ingredients and 
their effects on human health are studied both 
within food matrices and as single or mixed cul-
ture preparations [4, 5].

Several studies and clinical applications of 
probiotics have been related to the regulation 
of parameters associated with gastrointestinal 
infections caused by pathogenic microorgan-
isms. Alternative therapies to replace antibiotics 
based on enhancing the barrier or replacement of 
pathogens are considered as important due to the 
rapid emergence of antibiotic-resistant pathogenic 
strains and the adverse consequences of antibiotic 
therapy on the protective healthy intestinal micro-
biota [6]. Specific probiotics have been demon-
strated to exert protective effects against different 
diseases caused by pathogenic bacteria [7–10]. The 
mechanisms by which probiotics exert their effects 
are largely unknown, but they are very likely to 
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be multifactorial. Specific important mechanisms 
underlying these antagonistic effects include the 
reduction of luminal pH, competition for adhe-
sion sites and nutritional sources, secretion of 
antimicrobial substances, toxin inactivation, and 
immune stimulation [11, 12].

2. InTeSTInAL mUCoSA And 
mUCUS ProdUCTIon

The intestinal mucosa forms a barrier between 
the external and internal environment of the 
human body. The intestinal tract is covered by a 
mucus membrane. The mucosa has a large area 
(around 300 m2) due to its unique structure [13],  
which consists of polarized epithelial cells that 
form a single layer of columnar cells named 
enterocytes. Scattered between these cells are 
specialized enterocytes, goblet cells, which syn-
thesize and excrete mucus. Mucus is a gel layer 
covering the epithelial lining. The main func-
tion of mucus is to protect the epithelium from 
chemical, enzymatic, physical processes as gas-
tric juices, digestive enzymes among others.

Mucin glycoproteins (mucins) are major 
 macromolecular constituents of epithelial 
mucus and have long been implicated in health 
and disease. The interactions between mucus 
and bacteria present in the intestinal tract are 
important for the gut health. commensal bacte-
ria specifically adhere to the complex carbohy-
drates present in the mucus and these bacteria 
may prevent the adhesion of relevant pathogen 
strains. The production of mucus is a constant 
process as it is lost in feces and by bacterial deg-
radation [14]. The mucus gel consists mainly of 
water (up to 95%) while the main organic com-
ponents are mucus glycoproteins (mucins; up to 
5%), which dictate the viscoelastic characteristics 
of mucus [15]. Additionally, lipids, free proteins, 
immunoglobulins and salts are present in the 
mucus gel [14]. Mucins are macromolecules with 
a peptide core linked to oligosaccharide chains 
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through O-glycosidic bonds [16]. There are two 
types of mucins, membrane-associated and 
secreted. different oligosaccharides are found 
in mucins including n-acetyl or n-glycolyl neu-
ramine acids, fucose, galactose, n-acetyl gluco- 
samine and n-acetyl galactosamine. depending 
on the composition of oligosaccharides, two 
subtypes of mucins are described: neutral and 
acidic. Mucins can be classified into acidic sub-
types if the chains are terminated with sulfate 
or sialic acid groups [17]. If these groups, sul-
fate or sialic acid groups are not present, mucins 
are classified as neutral subtypes [18]. neutral 
mucins appear to be the predominant subtype 
expressed in the gastric mucosa, whereas acidic 
mucins are expressed in the intestinal tract—
mainly in the large intestinal epithelium.

Mucin is also one of the most important sub-
strates for bacterial fermentation leading to the 
production of fermentation products such as 
short-chain fatty acids (ScFAs), mainly butyrate, 
acetate and propionate [18]. The main role of 
butyrate is to fuel enterocytes, covering up to  
70% of their energy needs and contributing  
to epithelial cell growth regulation and differenti-
ation [19]. In addition, intestinal bacteria degrade 
mucin differently which, together with the dif-
ferential expression of mucin genes in different 
gut areas, makes the mucus composition variable 
along the intestinal tract [20]. It is also important 
to assess the role of specific potentially mucus 
utilizing bacteria such as Akkermansia muciniphila, 
on the role of barrier effect and pathogen adhe-
sion [21, 22].

Twenty-one different mucin genes have 
been identified, cloned and partially sequenced 
in humans [23, 24], and the majority of their 
homologues have been identified in mice and 
rats. The mucins are sub-divided into secretory 
and membrane-associated forms, depending on 
their structure and location. Secreted mucins 
contribute to the formation of the mucus gel but 
the function of membrane-associated mucins 
is not well characterized, despite the fact that 
they are located on the surface of epithelial cells 
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throughout the body [24]. A summary of the 
mucins, their tissue distribution and expres-
sion is listed in Table 23.1. Mucin is secreted by 
specialized cells, goblet cells, and the process is 
multifaceted, being regulated by a number of 
different factors that have been divided into two 
mechanisms: baseline secretion and compound 
exocytosis. baseline secretion involves the con-
stitutive release of newly produced mucin gran-
ules that move along the periphery of the apical 
granule mass [25].

3. meChAnISmS oF ACTIon  
oF ProbIoTICS

The current knowledge on probiotic mecha-
nisms of action is scarce. Mechanisms are likely 
to be multifactorial processes. Probiotics have 
specific targets and different bacterial strains are 
not similar with respect to their health effects. 
Varying levels of host–microbe interaction can 
be distinguished:

l Microbe–epithelium interface, including 
adhesion to mucosal and epithelial cells, 
stimulation of mucus secretion, production of 
defensive molecules resulting in reinforcing 
gut barrier function.

l Microbe–immune system interaction 
comprising of immune-modulation and 
regulation of immune responses beyond  
the gut.

l Microbe–microbe interaction including 
the exclusion and inhibition of pathogens 
by prevention of adhesion, inhibition of 
replication of pathogens mediated through 
secretion of antimicrobial substances, 
competition for nutrients necessary for 
pathogen survival and anti-toxin effects.

Advances on the knowledge of these mecha-
nisms of action, the microbe–microbe interac-
tion, are detailed in Figure 23.1.
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TAbLe 23.1 Characteristics of different mucin genes

MUC gene Species Nature TR/cysteine Tissue expression

MUc1 Human; rat; 
mouse

Membrane-
associated

Tr lung, salivary glands, esophagus, stomach, pancreas, 
large intestine, breast, prostate, ovary, kidney, uterus, 
cervix

MUc2 Human; rat; 
mouse

Secreted cysteine 
rich

lung, conjunctiva, ear, stomach, small intestine, colon, 
nasopharyngeal tract, prostate

MUc3A Human; rat; 
mouse

Membrane-
associated

Tr Thymus, small intestine, colon, kidney

MUc3b Human; rat; 
mouse

Membrane-
associated

Tr Small intestine, colon

MUc4 Human; rat; 
mouse

Membrane-
associated

Tr lung, cornea, salivary glands, esophagus, small 
intestine, kidney

MUc5Ac Human; rat; 
mouse

Secreted cysteine 
rich

lung, conjunctiva, middle ear, stomach, gall bladder, 
nasopharyngeal tract mucosa

MUc5b Human; rat; 
mouse

Secreted cysteine 
rich

lung, middle ear, sublingual gland, larynx, 
submucosal glands, esophageal glands, stomach, 
duodenum

MUc6 Human; rat; 
mouse

Secreted cysteine 
rich

Stomach, duodenum, pancreas, kidney

MUc7 Human; rat; 
mouse

Secreted cysteine 
poor

lung, lachrymal glands, salivary glands, nose

MUc8 Human; rat; 
mouse

Secreted cysteine 
poor

Oviduct

MUc9 Human; rat; 
mouse

Secreted cysteine 
poor

Submandibular glands

MUc10 rat; mouse Membrane-
associated

Tr Submandibular glands, testis

MUc11 Human; rat; 
mouse

Membrane-
associated

Tr lung, middle ear, thymus, small intestine, pancreas, 
colon, liver, kidney, uterus, prostate

MUc12 Human; rat; 
mouse

Membrane-
associated

Tr Middle ear, pancreas, colon, uterus, prostate

MUc13 Human; rat; 
mouse

Membrane-
associated

Tr lung, conjunctiva, stomach, small intestine, colon, 
kidney

MUc14 Human; rat; 
mouse

Membrane-
associated

Tr Ovary

MUc15 Human; rat; 
mouse

Membrane-
associated

Tr conjunctiva, thymus, lymph node, breast, small 
intestine, colon, liver, spleen, prostate, ovary, 
leukocytes, bone marrow

MUc16 Human; rat; 
mouse

Membrane-
associated

Tr conjunctiva, ovary

MUc17 Human; rat; 
mouse

Membrane-
associated

Tr Intestinal cells, conjunctival epithelium

MUc18 Human; rat; 
mouse

Membrane-
associated

none Prostate

(Continued)
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TAbLe 23.1 (Continued)

MUC gene Species Nature TR/cysteine Tissue expression

MUc19 Human; rat; 
mouse

Secreted cysteine 
rich

lung, salivary gland, kidney, liver, colon, placenta, 
prostate

MUc20 Human; rat; 
mouse

Membrane-
associated

Tr lung, liver, kidney, colon, placenta, prostate

MUc21 Human; 
mouse

Membrane-
associated

Tr lung, large intestine, thymus, testis

Tr  tandem repeat.
Adapted from dharmani, P., Srivastava, V., Kissoon-Singh, V. 5 & chadee, K. (2009). role of intestinal mucins in innate 
host defense mechanisms against pathogens. J Innate Immun 1, 123–135.
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Epithelium

LU
M

E
N

Lamina propia

Mucus layer

Probiotic Pathogen

Antimicrobial
substances

Adhesion interference

Competitive Exclusion

Inhibition of adhesion

Agregation

Immunomodulation

Enhance barrier function

Microbe-epithelia
interaction

Microbe-Microbe
interaction

Microbe-Immune
interaction

FIgUre 23.1  Mechanisms of probiotics against pathogen infection. 1. antimicrobial substances against pathogens.  
2. Immunomodulation. 3. Improvement of barrier function. 4. adhesion: competitive inhibition with pathogenic bacteria, 
inhibition and displacement of pathogen’s adhesion. 5. aggregation and coaggregation with pathogens.
3.1. Antimicrobial Substances

The antimicrobial metabolites produced by  
lactic acid bacteria can be divided into two groups: 
1) low molecular mass compounds (1.000 da) 
such as organic acids, which have a broad spec-
trum of action; and 2) antimicrobial proteins,  
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termed bacteriocins (1.000 da), which have a 
relatively narrow specificity of action against 
closely related organisms and other Gram- 
positive bacteria [26, 27].

The organic acids secreted in the fermentative 
metabolism of carbohydrates by probiotics have 
been considered to be the main antimicrobial  
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compounds responsible for their inhibitory 
activity against pathogens [28, 29]. The anti-
microbial activity of organic acids is due to the 
reduction of pH and to the presence of undis-
sociated forms of acids. In addition, some pro-
biotics are able to generate hydrogen peroxide 
in the presence of oxygen. The bactericidal effect 
of hydrogen peroxide is due to its oxidizing 
effect on bacterial cell surface. carbon dioxide 
is produced by heterofermentative bacteria, and 
its antimicrobial activity is due to the inhibition 
of enzymatic decarboxylation and its accumu-
lation in the membrane causing dysfunction in 
the permeability of the membrane. carbon diox-
ide can inhibit the growth of many food spoil-
age microorganisms, especially Gram-negative 
psychrotrophic bacteria [30].

bacteriocins are proteins or protein com-
plexes that show bactericidal activity against 
bacterial species, which are closely related to 
the producer species. bacteriocins produced by 
Gram-positive bacteria, usually lactic acid bacte-
ria, inhibit strains of the same or closely related 
species. bacteriocins have been subdivided 
into four classes: class I, the lantibiotics, com-
prises small (5 kda) heat-stable peptides that  
contain post-translationally modified amino 
acids; class II, the non-antibiotic peptides, com-
prises small (10 kda) heat-stable proteins; 
class III comprises large (30 kda) heat-labile 
proteins; and class IV comprises an undefined 
mixture of proteins, lipids, and carbohydrates 
[31]. In addition, the term bacteriocin-like com-
pound has been coined to refer to antagonistic 
substances that are incompletely defined or 
do not fit the typical criteria defining bacteri-
ocins and tend to have a broader spectrum of 
activity [32]. Most of the studies related to the 
characterization of bacteriocins or bacteriocin-
like compounds from lactic acid bacteria and 
probiotics have been focused on species of the 
genera Lactobacillus, Lactococcus, Pediococcus 
and Enterococcus, because of the diversity of 
their species and their potential applications 
as natural preservatives in foods [27, 33]. Some 
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bacteriocin-like compounds have also been  
described for the Bifidobacterium species [34–36]  
and a unique bacteriocin, bifidocin b, from 
Bifidobacterium bifidum ncFb 1454 has been 
purified [37, 38]. Probiotics have exhibited 
antagonistic effects against different pathogenic 
species including Salmonella, Listeria, Helicobacter 
among others [34–36, 39, 40]. due to the poten-
tial interest of these antimicrobial proteins in 
novel therapeutic developments, further stud-
ies should be carried out on their genetics, bio-
chemistry and mechanisms of action.

3.2. Adhesion to Intestinal mucosa

Adhesion to the intestinal mucosa is regarded 
as a prerequisite for colonization and is an impor-
tant characteristic relating to the ability of strains 
to interact with the host [15, 41, 42]. Thus, adhe-
sion has been one of the main selection criteria 
for new probiotic strains [43, 44]. This property 
is important for colonization [15, 45] and it has 
been related to certain beneficial effects of pro-
biotics [46]. Adhesion is also important for the  
modulation of the immune system [42, 47, 48] and  
antagonism against pathogens [49, 50]. Using two 
isogenic strains of L. crispatus—one with aggre-
gation phenotype and showing a high adhesion 
and the other non-aggregative—it was shown 
that this aggregation phenotype favors intestinal 
colonization and modulates the expression of 
immune receptors in the mucosa [51].

Intestinal mucus has a dual role: it protects the 
mucosa from certain microorganisms, while pro-
viding an initial binding site, nutrient source, and 
matrix on which bacteria can proliferate. Further, 
adherence of bacteria to intestinal epithelium is 
required for both temporary colonization of the 
gut and adherence or penetration is a prerequisite 
for infection by many pathogens [52]. Mucosal 
colonization with non-pathogenic resident micro-
biota is of particular importance for the protec-
tion of the host against pathogenic strains by 
competitive exclusion.
And HeAlTH



3593. MECHANISMS Of ACTION Of PROBIOTICS
Non-specific Versus Specific  
Adhesion Mechanisms

The mechanisms of adhesion are complex 
and may involve non-specific and specific inter-
actions between microorganisms and mucosal 
surfaces. non-specific adhesion of bacteria 
is based on van der Waals and electrostatic 
forces between the cell and the mucosal sur-
face, explained by the dlVO theory (derjaguin, 
landau, Verwey and Overbeek). The dlVO 
theory originally described the attachment of 
inert particles to a solid substratum but has also 
been applied to bacteria [53]. This theory pos-
tulates that the interaction between surfaces is 
given by the attracting van der Waals forces and 
the electrostatic repulsion. Although bacteria 
are negatively charged, they are still attracted 
to negatively charged host tissue because the 
attracting van der Waals forces are stronger than 
the electrostatic repulsion. However, it appears 
that the interactions between bacteria and host 
epithelium are too complicated to be explained 
only by the dlVO theory [54]. An additional 
explanation is based on the hydrophobic mole-
cules on the bacterial surface, which counter-
act the repulsive electrostatic forces, allowing 
bacteria to draw near the negatively charged 
mucosal. This type of adhesion is considered 
to be weak and reversible [55, 56]. non-specific 
interaction between bacteria and substratum 
may also be due to hydrophobic interactions or 
hydrogen bonding [57].

Specific adhesion has been described as  
a ‘lock and key’ interaction between bacte-
ria and the host mucosa and is mediated by  
adhesins and their receptors in the epithelium 
[57, 58]. The matching connection between 
receptor and adhesin allows numerous bonds 
between the bacterium and host cells. In this 
way, the interaction is much stronger when 
compared to non-specific adhesion, as it is 
unlikely that all the adhesive bonds rupture 
simultaneously. Adhesion can be inhibited by 
altering the structure of adhesins or receptors 
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with enzymes or other chemical compounds; or 
with antibodies mimicking the adhesins or their 
receptors [41].

Adherence of specific Lactobacillus strains 
to the human intestinal HT29 cell line induces  
up-regulation of mucin gene expression, and 
correlates with increased extracellular secretion 
of mucin MUc3 [59]. These Lactobacillus strains 
inhibited the adherence of enteropathogenic  
E. coli to HT29 intestinal epithelial cells via 
induction or over-expression of mucin [60]. 
In an in vitro cell model using caco-2 cells,  
L. rhamnosus GG up-regulates MUc2 expres-
sion and has an inhibitory effect on bacterial  
translocation of the intestinal epithelium [61]. 
Thus, an increased expression of intestinal mucin 
in response to lactobacilli mediates inhibition of 
adherence of pathogens to intestinal cells.

Potential probiotic strains can also induce  
the release of defensins from epithelial cells. 
These small peptides/proteins are active against 
bacteria, fungi, and viruses, and stabilize the  
gut barrier function [62]. It has been shown 
that E. coli nissle 1917 induces the human  
b-defensin-2 (hbd-2) gene expression in caco-
2 intestinal epithelial cells [63]. This induction  
was mediated by nFb and AP-1 signaling  
pathways. Several strains of E. coli, L. acido-
philus, Lactobacillus fermentum, Lactobacillus 
paracasei subsp. paracasei, Pediococcus pentosaceus, 
and the VSl#3 probiotic mixture were found  
to induce hbd-2 gene expression in caco-2 
cells [64]. This was also dependent on mitogen- 
activated protein kinase (MAPK), nFb, and 
AP-1 signaling pathways [64]. This induction 
of hbd-2 may also enhance mucosal barrier 
function.

Probiotic strains may use both types of 
mechanisms when competing with pathogens 
for binding to the intestinal mucosa. L. crispatus  
was reported to inhibit the in vitro adhesion of 
E. faecalis due to the combined effect of both 
bactericidal activity and competition for the 
attachment site [65].
 And HeAlTH



23. PROBIOTICS AND PATHOGENS INTERACTIONS360
Host Specificity of Adhesion

Adhesion of bacterial to different surfaces 
has been reported to be species specific [66]. The 
intestinal mucosa has been widely used as an 
environment to test adhesion abilities of both pro-
biotics and pathogens. nowadays, other mucosa 
are being analyzed due to, their interest for health 
as, for example, nasal, oral and vaginal mucosa.

Adhesion, and at least temporary coloniza-
tion to host tissue, is regarded as an important 
factor for the probiotic to induce its beneficial 
health effects. Therefore, host specificity has 
been considered as a desirable property for pro-
biotic bacteria and it has been recommended as 
one of the selection criteria [43]. Host specificity 
was challenged earlier by conway and cowor-
kers [67] where they reported similar adhesion 
of lactobacilli to porcine and human epithe-
lial cells and concluded that the adhesion was 
non-specific, suggesting that pig intestinal cells 
could be used in vitro to screen the adhesion 
properties of lactic acid bacteria (lAb) aimed 
for human consumption. Other results [68] sup-
ported the use of animal models for probiotic 
studies, but further studies are needed to inves-
tigate whether determinants other than mucus 
adhesion are required to stimulate health effects. 
The results may also imply that probiotic strains 
isolated from humans may be beneficial for ani-
mal use [69, 70]. This may have important safety 
implications: strains shown to be safe for humans 
can be fed to livestock and pets without a poten-
tial safety concern for the consumer or owner.  
It is a subject of additional studies to investigate 
whether the highly binding lAb do also initiate 
similar immune effects in animals as in humans.

Adhesins

It has been described that FimH alleles of 
fimbriae I binding to mannose with scarce affin-
ity are expressed by commensal intestinal bacte-
ria, whereas those binding with higher affinity 
are associated to uropathogenic bacteria [71]. 
Thus, small differences in structural genes may 
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act as a switch from a commensal to a patho-
genic lifestyle [72].

The adhesion mechanisms involve passive 
forces, electrostatic and hydrophobic interac-
tions, lipoteichoic acids, and specific structures 
such as polysaccharides and lectins. lipoteichoic 
acids are complex surface-exposed polymers 
in the cell structure of Gram  bacteria and are 
suggested to be involved in adhesion processes. 
These acids have been described as essential fac-
tors for Staphylococcus aureus adhesion on nasal 
mucosa [73, 74]. In addition, the lipoteichoic acid 
serves as adhesinc in the adherence of lactobacilli 
to intestinal surfaces [75, 76]. The role of exopoly-
saccharides produced by some probiotic strains 
in adhesion has also been demonstrated [77, 78].

In the intestine, the mucus layer covering the 
gut epithelium is rich in glycoproteins and gly-
colipids, providing abundantly carbohydrate 
moieties for bacterial adhesion [41]. The exact 
mechanisms of the lactic acid producing bac-
teria adhesion to the intestinal mucosa are not 
very well characterized. A L. fermentum strain was 
documented to bind to mucus glycoproteins iso-
lated from porcine gastric mucus [79], and several 
lactic acid producing bacteria adhered to human 
ileostomy glycoproteins [54]. These findings sug-
gest that glycoproteins in intestinal mucus can act 
as suitable receptors. Several reports indicate that 
proteinaceous components are involved in the 
adhesion of bacterial to intestinal cells in animal 
models and in vitro human studies [80–86]. Mub 
is a cell surface protein involved in the adhesion 
of certain lactobacilli to mucin [82, 87]. Msa is a 
mannose-specific adhesin of L. plantarum, which 
was found to be present in different L. plantarum 
strains [88]. The ability of probiotics to bind to 
mannose is of interest as probiotics with similar 
binding abilities may inhibit the pathogen adhe-
sion. bacterial lectin adhesins can be located on 
cell surface appendages, as in tips of the fimbriae 
in E. coli [89]. Some lAb and bifidobacteria do 
not commonly possess such prominent struc-
tures; although fimbriae and flagella have been 
identified in some vaginal lAb strains [90] and 
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Bifidobacterium longum [91]. bacteria belonging to 
the L. acidophilus group are documented as having 
lectin-like proteins in the surface layer protein [92]. 
Such elements in the surface layer protein may 
contribute to the bacterial adhesion, as they bind 
to carbohydrate portions of the intestinal mucosal 
layer [93] and it has been reported that adhesion 
to human cells of some lactobacilli is mediated by 
surface layer proteins [81, 84, 94].

4. FACTorS AFFeCTIng The 
AdheSIon

Factors such as cell wall properties and com-
position, and possibly host specificity, are the most  
important determinants of adhesion properties. 
The effects of gastrointestinal conditions (pH, 
bile, digestive enzymes) and the effects of acid 
and bile resistance acquisition on the adhesion 
of probiotic bacteria have also been documented 
[44, 95]. In addition, other reports describe how 
the presence of different substances such as cal-
cium ions or exopolysaccharides produced by 
probiotic bacteria can modify the bacterial adhe-
sion to intestinal mucus [77, 96]. However, further 
studies have shown that the presence of magne-
sium and zinc ions did not modify the adhesion 
abilities of probiotics to porcine intestinal epithe-
lial IPec-J2 cells [96].

The presence of endogenous microbiota has 
no influence on the adhesion abilities of probiot-
ics to mucus in an in vitro human mucus model 
[97, 98]. combinations of probiotics may have 
synergistic effects on adhesion. In in vitro trials, 
the probiotic properties have mainly been tested 
alone or in combination with yogurt bacteria 
such as L. delbrueckii and S. thermophilus [99] but 
rarely combined with other probiotics. However, 
some studies are available on the interactions of 
different probiotics regarding adhesion proper-
ties in an intestinal mucus system [5, 99, 100]. 
These reports showed the influence of other 
probiotic strains in the adhesion of probiotics 
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and this influence may be positive (enhance the 
adhesion) or negative (decrease) and the adhe-
sion with the corresponding effects on probiotic 
properties related to these bacteria.

5. ComPeTITIVe InhIbITIon  
oF PAThogenS

In the case of probiotic strains, the probiotic 
therapy has now gained massive interest world-
wide due to the potentially beneficial effects on 
both general and gastrointestinal health as well 
as being seen as an important complement to 
antibiotic treatments. Although the mechanisms 
of action are not fully understood, it is generally 
accepted that the ability of probiotics to aggre-
gate with pathogens is a desired property. To be 
effective against oral infections, probiotic bacte-
ria need to adhere to the oral mucosa and dental 
tissues as a part of the oral biofilm and compete 
with the growth of cariogenic bacteria and/or 
periodontal pathogens [101].

The adhesion levels of the probiotic and 
pathogen strains on intestinal mucus showed a 
great variability depending on the strain, species 
and genus [5, 39, 44, 95, 102]. Probiotic bacteria 
can competitively inhibit the adhesion of patho-
genic microorganisms and displace the previously 
adhered pathogens, such as Salmonella, Escherichia 
coli, Listeria monocytogenes, Staphylococcus aureus, 
Bacteroides vulgatus, Clostridium difficile and C. per-
fringens [5, 44, 95, 102–104]. The adhesive proper-
ties of probiotics widely vary, depending on the 
strain, and high in vitro adherence ability in one 
strain does not always guarantee in vivo persist-
ence and protective effect. This should always 
be corroborated by studies in animal models 
and humans [44, 104]. A direct correlation has 
not been found between the overall adhesion 
level of probiotic strains and their abilities to 
inhibit or displace pathogens, suggesting that 
different mechanisms could be implied in both 
processes [102, 104–106]. Probiotic strains and 
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combinations that inhibit and displace patho-
gens may be excellent candidates for their use  
as new combinations in fermented milk prod-
ucts or as new therapies to prevent and treat 
specific diseases. In some reports [5, 39, 44, 95], 
all of the probiotic strains tested showed abilities 
to inhibit, displace and compete with pathogens. 
However, it is important to take into account 
the high specificity of these processes and the 
importance to properly characterize the proper-
ties of the strains in order to select the best strain 
or combinations to prevent or treat infection 
by a specific pathogen. In addition, it has been 
shown in animal studies that lAb populations 
are not exclusively dependent on genetics but 
rather are influenced by environmental factors. 
Such findings underline the effect of intestinal 
microbiota for studies in probiotic trials and a 
similar competitive role for fecal bacteria has 
been reported in adherence studies using caco-2  
cells [107, 108]. The specificity of adhesion 
 properties should thus be further clarified prior 
to using this trait for the development of prod-
ucts based on the host specificity of adhesion.

5.1. mechanisms of exclusion of 
Intestinal Pathogens by Probiotics

competitive exclusion of pathogens is thought 
to be one of the most important beneficial mech-
anisms of probiotic bacteria [80, 109, 110]. Other 
mechanisms as inhibitions of pathogen adhesion 
by probiotic strains and displacement of pre-
adhered pathogens have also been described  
[5, 44]. competitive exclusion by intestinal bac-
teria is based on a bacteria-to-bacteria interac-
tion mediated by the competition for available 
nutrients and for mucosal adhesion sites. In 
order to gain a competitive advantage, bacteria 
can also modify their environment to make it 
less suitable for their competitors. The produc-
tion of antimicrobial substances, such as lactic 
and acetic acid, is one example of this kind of 
environmental modification [111].
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Several reports demonstrate that specific pro-
biotics can competitively inhibit the adhesion of 
pathogens and displace them [5, 39, 44, 95, 102–
104]. It has been shown that some lactobacilli 
and bifidobacteria share carbohydrate-binding 
specificities with some enteropathogens [112, 
113]. This makes it possible for the strains to 
compete for the receptor sites on the host cell 
with specific pathogens [65, 114]. In general, it 
is considered that probiotic strains are able to 
inhibit the attachment of pathogenic bacteria by 
means of steric hindrance at enterocyte patho-
gen receptors. In addition, probiotic strains may 
reduce the pathogen colonization and possible 
subsequent invasion by the reduction of the 
viability of a pathogen by producing growth 
inhibitors [115].

The effect of probiotic lAb on the competitive 
exclusion of pathogens has been demonstrated 
using human mucosal material in vitro [50, 54], 
and in vivo in chickens [116] and pigs [117]. 
Hirano and colleagues [50] showed that the  
well-adhering strain L. rhamnosus was capable 
of inhibiting the internalization of enterohemor-
rhagic E. coli (eHec) to a human intestinal cell 
line. These results suggest that a close interac-
tion with the host cells may have been responsi-
ble for this suppression of eHec internalization. 
In Finland, the competitive exclusion method 
has effectively reduced the incidence of salmo-
nellae in broiler chicken [116].

6. modeLS To TeST AdheSIon

As previously stated, the ability to adhere to 
intestinal mucosa has been suggested as a poten-
tial mechanism for temporary colonization. 
However, the difficulties involved in studying 
bacterial adhesion in vivo, specifically in humans, 
have led to the development of different in vitro 
model systems for the preliminary selection of 
potentially adherent strains.
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In vitro models involving human epithelial 
cell lines, mostly caco-2 and HT29, or mucus-
secreting HT29-MTX cells as well as intestinal 
mucus isolated from feces, ileostomy or resected 
human intestinal tissue have been used to assess 
the adhesion properties of potential probiotic 
strains.

The advantage of the epithelial cells lines as 
caco-2, HT29 and HT29-MTX is that they show 
the characteristics of the mature enterocytes [118]. 
The HT29-MTX cell line produces mucus and 
may mimic the conditions of the intestine. In gen-
eral, adhesion of bacteria to this cellular line is 
higher than that obtained for other cell lines such 
as HT29 or caco-2 [118]. However, the composi-
tion of mucus produced by HT29-MTX and the 
number and type of binding sites differ from that 
of the intestinal human mucus [119]. Therefore, 
models using human intestinal mucus have also 
been developed. Among them, the isolation of 
mucus from feces [5, 44, 68, 95, 120–122] or the 
use of mucus directly obtained from the mucosa 
[123, 124] have been the most frequently used. 
These intestinal mucus models allows for the test-
ing of host-specific factors such as health status or 
age in adhesion studies, providing further infor-
mation. resected intestinal tissue is probably the 
most realistic option to test the adhesion because 
the normal microbiota present in the intestine 
mucosa is taken into account in the assay (98,  
97, 105).

7. In vItro VerSUS In vIvo 
reSULTS

The reproducibility and validity of in vitro adhe-
sion tests and their correlation to in vivo coloni-
zation have been evaluated in several studies. 
Indirect evidence suggests that adhesion to intes-
tinal cells and mucus is associated with temporary 
colonization. However, in vitro and in vivo results 
do not always correlate. In vitro adherence of dif-
ferent strains of Bifidobacterium to caco-2 cells 
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was analyzed [45] and data were compared to in 
vivo human study results. Good in vitro adhesion 
was observed for strains capable of colonization. 
However, in another report [125], L. johnsonii and 
L. paracasei, analyzed in vitro and in vivo in a mice 
model showed similar in vitro properties but dif-
ferent in vivo colonization. It is important to take 
into account the in vitro results but it is also neces-
sary to test the properties in in vivo studies.

The genetic information becoming increas-
ingly available will enable us to focus on pro-
biotic properties that can be characterized to 
counteract specific microbiota disturbances. 
This has required thorough knowledge on both 
aberrancies, and the genetic information of the 
probiotics will be used to counteract aberrant 
microbiota and to support healthy microbiota 
development. In this way, more targeted probi-
otics can be identified for the future. This devel-
opment underlines the focus on adhesion and 
adhesion interaction with pathogens and nor-
mal microbiota as a means of modulating the 
composition and activity of microbiota in the 
intestinal epithelium. It will allow future careful 
identification of new probiotics and probiotic 
combinations for targeting challenges in patho-
gen adhesion prevention and enhancement of 
the intestinal barrier functions.

8. CombInIng SPeCIFIC 
ProbIoTICS STrAInS

beneficial effects of probiotics are strain-
dependent and strains may interact with each 
other in different ways. It has been suggested 
that specific combinations of probiotics should 
be selected for cases where the microbiota 
deviations or aberrancies are more complex. In 
such circumstances, combinations of probiotics 
may have an impact either together on specific 
microbiota deviations or as single strains in dif-
ferent parts of the gastrointestinal tract [126]. 
Among the possible mechanisms underlying the 
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enhanced effects of probiotics, the combinations 
of different strains are currently an area of major 
interest. Strains used in multistrain and multi-
species probiotics should be compatible or, pref-
erably, synergistic, as the actions could be also 
counteracting each other’s efficacy in competitive 
exclusion. The design and use of combinations of 
probiotic strains should be encouraged, reflecting 
the complex intestinal conditions, and the poten-
tial need to have an impact in several niche areas.

The number of scientific reports on the effects 
of probiotic combinations on the health of the 
host is increasing rapidly [127–132]. research 
using single probiotics strains has been reported 
earlier but, at present, probiotic combinations 
with possibly additional health benefits are being 
assessed prior to use in clinical studies. It has 
been demonstrated that a combination of probi-
otic strains may complement or improve health 
benefits given by individual strains [128, 129, 
133–136]. It is expected that combinations of dif-
ferent probiotics strains may be more effective 
than single strains of probiotics depending on 
the target [4]. It is clear that combinations may 
also be needed for counteracting complex micro-
biota aberrancies in adults and infants. However, 
the impact can be counteractive, if strains are not 
selected in a scientifically sound manner.

The best known probiotic combination con-
sisting of a mixture of eight lactic acid bacte-
rial species (VSl#3) reported as being effective 
in several human diseases [128, 133–136]. Some 
in vitro and in vivo studies have assessed other 
combinations such as, for example, Lactobacillus 
rhamnosus, Propionibacterium freudenreichii and 
Bifidobacterium lactis. This combination has then 
been demonstrated effectively in clinical stud-
ies on irritable bowel syndrome patients [137]. 
The same probiotic combination did not have 
an impact on the alleviation of allergy symp-
toms in infants, while Lactobacillus rhamnosus 
GG was previously demonstrated to be effective 
[138, 139]. However, when the combination was 
given with a galacto-oligosaccharide the result-
ing effect was a reduction in atopic eczema  
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prevention [140]. It must also be considered 
that, in the end, in vivo studies are always nec-
essary to confirm the potential health effects of 
such combinations and results obtained with 
the independent strains should not be extrapo-
lated to the combination.

It has been demonstrated that strain com-
binations can be tested in vitro and reasonably 
reliable results can be achieved. In some cases 
probiotic combinations show clear benefits as has 
been described in combinations counteracting 
the adhesion of pathogens [7, 100] or in adher-
ing toxins [141, 142] and heavy metals [143, 144]. 
Studies on the combination of well-known probi-
otic strains, such as L. rhamnosus GG and B. lactis 
bb12 and their effects in the pathogen adhesion 
to intestinal mucus system, have been reported 
[99, 126]. Probiotic strains and their combinations 
were able to significantly inhibit the adhesion of 
B. vulgatus, C. histolyticum, C. difficile, S. aureus [5, 
7, 100]. Interestingly, in these studies, S. enterica 
serovar Typhimurium was inhibited significantly 
only by one probiotic strain, whereas all probiotic 
combinations were able to inhibit the pathogen 
[5, 7, 100]. In addition, none of the single probi-
otic strains was able to inhibit the adhesion of  
E. coli and L. monocytogenes, whereas all probiotic 
combinations were able to significantly inhibit 
the adhesion of these pathogens [5, 100] and in 
several cases they were more able to enhance 
the inhibition percentages than when the pro-
biotic strains were tested alone. These results 
emphasized the potential application of probi-
otic combinations in the inhibition of pathogen 
adhesion to intestinal mucus but further studies 
are needed to clarify the mechanisms involved in 
pathogen inhibition by probiotic combinations.

Probiotic combinations that inhibit and dis-
place pathogens may be good candidates in the 
case of specific microbiota aberrancies related 
to disease risk reduction. However, as stated  
previously, it is important to take into account 
the high specificity of these processes being 
necessary to characterize the properties of the 
strains in order to select the best combination for 
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a specific application. The change of one strain 
in a combination may modify all the properties 
against pathogen adhesion regarding inhibi-
tion, displacement and competition mechanisms 
[126]. All together, these studies would allow the 
development of new probiotic combinations for 
the treatment or prevention of specific diseases 
by targeting the adhesion of specific pathogens. 
These results support the idea that the use of 
probiotic combinations selected for specific  
targets may have a major impact on the disease.

9. ConCLUSIon

Probiotics are viable beneficial microorgan-
isms with a demonstrated health impact on the 
host. The assessment of adhesion properties and 
competitive exclusion of pathogens constitutes 
an important point in probiotic characterization. 
Selection of new probiotic strains and combi-
nations counteract both pathogen challenges 
against normal healthy microbiota as well as 
counteracting identified microbiota deviations 
that may predispose the subjects to later disease. 
Probiotic strains or combinations that inhibit 
and displace pathogens may be good candidates 
for the treatment or prevention of specific dis-
eases caused by known pathogens or microbiota 
deviations related to disease risk reduction.
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C H A P T E R
1. IntroDUCtIon

The human gastrointestinal (GI) tract consti
tutes the second body surface area (250–450 m2). 
It includes rich microflora of more than 500  
species, which makes around 1014 microorgani
sms living in the whole GI tract from the oral 
cavity area to the colon. These proximal and 
distal parts of the GI tract are the most densely 
colonized areas [1, 2]. GI microflora establishes 
during human life through timedependent 
phases. This process starts after birth, when 
newborns are colonized by flora derived from 
their mothers. After a few weeks, it resembles 
the adult microbial flora and becomes relatively 
constant in adult age [1, 3].

Normal human microflora constitutes the 
complex ecosystem including aerobic and ane
orobic microorganisms. The stomach is inhab
ited mainly by Grampositive and aerobic  
37ioactive Foods in Promoting Health: Probiotics and Prebiotics 
bacteria represented by such species as 
Streptococci, Staphylococci, Lactobacilli and vari
ous fungi found in concentrations not exceeding 
103cfu/mL [3]. The microflora of the proximal 
small intestine resembles that in the stomach 
area. The bacteria species are dominated by 
Grampositive, aerobic microorganisms. The 
bacterial concentration is 103–104 cfu/mL [3]. 
In the distal ileum, Gramnegative bacteria 
predominance is observed. Anaerobic bacte
rial species, such as Bacteroides, Bifidobacterium, 
Fusobacterium and Clostridium are found in 
substantial concentrations in that region [3]. 
Distally to the ileocecal sphincter, bacterial con
centration increases significantly. Its concen
tration in the colon reaches 1011–1012 cfu/mL. 
Anaerobes outnumber aerobic species by a fac
tor of 102–104 [3]. Nearly onethird of the fecal 
dry weight consists of viable bacteria [3]. The 
most frequently isolated bacterial strains include 
the Bacteroides, Bifidobacterium and Eubacterium 
1 © 2010, Elsevier Inc. All rights reserved.



24. GI FUNGI AND PROBIOTICS372
table 24.1 Prevalence of fungi in the gastrointestinal tract

Part of gastrointestinal (GI) tract, fungal 
species isolated from GI tract

Prevalence of fungi Reference

oral cavity Candida 52–62% [8]
75% in elderly population [10]

stomach Candida sp. 31.3% [8]
C. albicans, [1]
C. kruzei
C. tropicalis [12]
C. glabrata
C. lusitaniae
Saccharomyces sp. [13]

Intestine Candida sp. 23.1% healthy people [1]
38.8% IbD [8]

colon Candida sp. 1.3% irritable bowel disease [14]
13.8–33.3% IbD
species. Among anaerobic Grampositive cocci, 
Peptococci and Peptostreptococci are isolated. 
Clostridia, Enterococci and Enterobactriaceae are 
also common [3].

Fungi are important but small fractions of 
human GI tract microflora. still little is known 
about the composition of commensal fungal 
 species in this region [4]. Among the yeasts, 
Candida (C.) dominates as a genus [1]. some 
Candida species are not always found in differ
ent GI tract locations, so they are considered  
as transient flora [1]. There are reports that some 
C. albicans strains inhabit GI tract. They are 
based on equal strain specific characteristics of 
Candida isolated from babies and their mothers. 
This finding favors consideration that C. albicans 
is part of the resident GI tract microflora [1].  
It is also the most prevalent fungal species  
isolated from that region. The Candida genus is 
comprised of about 150 fungal species, assigned 
to the family of deuteromycetes [5]. some 
Candida species, such as C. albicans, C. tropicalis,  
C. parapsilosis, C. kruzei, C. kefyr, C. glabrata,  
C. guilliermondi, C. lusitaniae and C. colliculosa 
are isolated from the GI tract [1, 6, 7].

The prevalence of Candida in the GI tract 
is given in Table 24.1. oral cavity is inhabited 
D. ProbIoTIcs A
by yeasts mainly colonizing the surface of the 
tongue, palate and jaws, and is agedependent.  
carriage of Candida is considered as a func
tion of the aging process [8]. Candida species 
were isolated from oral cavity in 58.3% of all 
cases. In people aged over 60 years Candida 
species were isolated in 52–62% of cases [1, 9]. 
It was isolated in 75% from oral cavities in the 
elderly Finnish population [10]. Candida colo
nization in the upper GI tract was reported 
in 31.3% of cases [8]. The main fungal species 
in the stomach included C. albicans, C. kruzei 
and C. tropicalis. The first two fungal species 
were isolated independently on the gastric 
acidity and were able to multiply in a pH of 
2.0 [1]. C. tropicalis was seen more frequently 
in nonacidic milieu. In a pH 3.0 , the C. gla-
brata and Saccharomyces species were also found 
in the stomach [1]. Previously, it was gener
ally accepted that bacterial and yeasts over
growth was not possible in gastric pH 4.0 [11]  
(Table 24.1).

results from both in vitro and in vivo studies 
revealed that a variety of bacteria and yeasts are 
able to survive and multiply in environments 
as low as pH 3.0 [11]. Fluorescence microscopy 
investigation demonstrated the elongation  
ND HeALTH
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of yeasts and bacterial cells at pH 5.0, as indic
ative of a stress response to the increasingly 
acidic conditions. Also, invasive fungal forms, 
pseudohyphae were found to be protruding to 
the region of bacterial colonies and aggregated 
with bacteria, especially Streptococci [11]. results 
from our own studies revealed that significant 
fungal colonization 104 cfu/mL was found 
in 54.2% of gastric ulcer patients and 10.3% of 
patients with chronic gastritis compared to  
the control group: 4.3%. The most frequently 
isolated fungal species from gastric ulcers were 
C. glabrata (42.4%), C. albicans (38.7%); and from 
the stomach of chronic gastritis patients these 
were C. albicans (41.1%), C. glabrata (32.9%) 
[12]. our in vitro studies on the growth of fun
gal strains isolated from patients with ulcer  
diseases and chronic gastritis in variable acid
ity from pH 2–8 revealed differences between  
the C. albicans and C. tropicalis strains, which 
started to grow in an acidic pH as low as 2.0, 
whereas C. lusitaniae strains started to grow 
from pH 3 [13].

Intestine. Candida species were isolated from 
the duodenal juice in 23.1% of healthy peo
ple. About onethird of patients with different 
GI diseases were colonized with C. albicans, C. 
tropicalis and C. glabrata [1]. In 38.8% of patients 
with inflammatory bowel diseases (IbD), fungi 
were found in the proximal GI tract [8].

Colon. our previous studies revealed sig
nificant fungal colonization in 13.8–33.3% of 
patients with ulcerative colitis depending on the 
duration of disease, less and more than 5 years 
respectively, in comparison to irritable bowel 
syndrome (1.3%) [14].

1.1. Factors Influencing the  
GI Microflora

The prevalence of commensal microflora in 
GI tract in certain parts of the GI tract depends 
on different environmental factors including pH, 
motility, synergism or antagonism of microbiota 
D. ProbIoTIcs
species, age, nutrition, infections, stress, hospi
talization and treatment [3, 8] (Table 24.2). Diet 
seems to play a role in the composition of micro
flora in GI tract [2]. Newborns fed with artificial 
food instead of being breastfed, presented a 
decreased GI tract colonization with Lactobacilli 
and Bifidobacteria in contrast to elevated counts 
of Enterococci, Coliformis or Clostridia [2]. Fungal 
overgrowth is a common problem in the eld
erly. In this group, it appears to be associated 
with chronic diseases, medications, poor oral 
hygiene, reduced salivary flow and impairment 
of the immune system [10]. stress is known to 
influence the composition and activity of GI 
tract microflora. During stress, but also enteral 
starvation, increased bacterial adherence to the 
GI tract mucosa and virulence of microbiota is 
observed [2]. shortage of nutrients or enteral 
starvation within the use of parenteral nutrition 
influences the composition of intestinal micro
flora by reduction of Lactobacilli, replacing it 
with potentially pathogenic microorganisms [2].  
Hospitalization of patients may favor GI tract 
colonization by specific Escherichia (E.) coli 
strains as well as Clostridium difficile associated 

table 24.2 Factors influencing the GI tract 
microflora

Source

GI peristalsis [8]

Gastric pH [11]

bacterial antagonism [8]

Mucins secretion

Age [8]

stress [10]

shortage of nutrients

enteral starvation within the use of  
parenteral nutrition

[2]

Hospitalization [2]

Medications (antibiotics, immune 
suppression)

[2]
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with certain medical institutions [3]. Moreover, 
antibiotics may alter the GI tract microflora in 
a dosedependent manner and antimicrobial 
spectrum [3]. other factors that influence the 
GI tract microorganism composition include 
gastric acidity, intestinal peristalsis, immune 
host status, synergism and antagonism of the 
GI microflora, and hygiene standards. Also, 
chronic disorders like diabetes mellitus, alcohol
ism or neoplasms may affect the dynamic bal
ance between host and physiological microflora 
[3, 8]. It is already known that the ecosystem of 
the commensal microflora in the GI tract plays 
an important role in preventing translocation 
of pathogenic microorganisms and endotoxins 
and makes a vital facet of the intestinal barrier 
mechanism [8].

2. asPeCts oF FUnGal  
PresenCe In tHe 

GastroIntestInal traCt

There are a few aspects of Candida present in 
the GI tract:

1. C. albicans is one of the few eukaryotic 
microorganisms capable of achieving  
a nonpathogenic existence in the human  
GI tract and constitutes part of normal 
human microflora without causing  
illness [1, 6].

2. Fungal overgrowth may become an 
important risk factor in the development of 
dissemination.

3. An excessive increase of fungi may cause  
or influence different GI tract diseases [1].

4. Candida colonization may promote 
sensitization against food antigens, probably 
in the mechanism of affecting the mucosal 
barrier via release of proteinase 1 and  
TNF from mast cells [6, 14].

5. bacterial (fungal) host interactions within 
the GI tract.
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3. rIsK FaCtors oF FUnGal 
ColonIzatIon

Major risk factors associated with the develop
ment of invasive candidiasis include [7]:

l usage of broad spectrum antibiotics for over 
2 weeks;

l corticosteroid therapy;
l central intravenous devices (mainly Hickman 

catheters);
l parenteral nutrition;
l ongoing invasive ventilation over 10 days;
l fungal colonization of more than two body 

regions;
l haemodialysis;
l recurrent GI perforations;
l surgery for the acute pancreatitis;
l a high APAcHe score 20;
l acute renal failure;
l neutropenia;
l a duration stay at an intensive care  

unit 9 days;
l an extensive requirement of blood transfusions.

The colonization of central venous catheters 
and of multiple areas is considered as the inde
pendent risk factor of invasive fungal infections 
in already colonized neonates [15]. A case
 control study at the cardio Thoracic Intensive 
care Unit in Greece revealed that APAcHe II 
score 30 at candidemia onset predicted Candida 
related deaths. besides independent candidemia, 
predictors included ongoing invasive mechani
cal ventilation, for longer than 10 days, diabetes 
mellitus, cardiopulmonary bypass duration 
120 min, hospitalacquired bacterial infection 
and/or bacteriemia [7]. C. parapsilosis fungemia 
was associated with lower mortality rates than 
nonparapsilosis candidemia [7].

Epidemiology: Disseminated candidiasis is 
no longer a solely characteristic disease of immu
nocompromised people, such as neutropenic 
patients. The incidence of disseminated candi
diasis is growing [16]. Candida species are the 
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third most frequent agent of lateonset in preterm 
neonates, with estimated incidence of 1.6–9% 
[16]. Candida colonization is the most important 
predictor of invasive diseases in this group of 
patients [16]. It is also an important enteric reser
voir of fungal dissemination [17]. The colonization 
rate of intensive care units by Candida species 
ranges from 2.5–6% of cases, reaching 17% in 
ePIc study [16].

Disseminated candidiasis at one intensive  
care unit was 20.4% of all infections in a cisterna 
study [7]. The mortality directly attributable 
to the infection itself ranged from 22–38% [15]. 
According to the centers for Disease control 
and Prevention, Candida species caused 8% of 
hospitalacquired bloodstream infections [7]. It 
independently influences the outcome of noso
comial bloodstream infection (odds ratio for 
mortality: 1:84) [7]. In a large 1day point preva
lence study (ePIc study) from europe consist
ing of 1,317 patients from an intensive care unit, 
fungi was the fifth leading pathogen among 
the most frequently reported microorganisms: 
17.1% [7]. Nosocomial candidiasis with pri
marily candidemia can vary between 3–15%, 
depending on the hospital [7].

4. FUnGI anD IntestInal 
MUCosa InteraCtIon

Pathogenesis of the fungal colonization of the 
GI tract mucosa is complex and involves yeast 
and host interaction (Fig. 24.1). The interaction 
between adherence, clearance, colonization and 
fungalhost immune competence determines dif
ferent states of yeast existence within the GI tract:

1. Low level asymptomatic existence among 
bacterial microflora.

2. Mucosal candidiasis resulting from fungal 
overgrowth.

3. Tissue invasion observed in the 
immunocompetent as well as in the 
immunodeficient host [5, 15].
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Fungal colonization of the GI tract mucosa is 
the result of an impaired balance between exter
nal forces that limit the microbial overgrowth—
such as the effects of the host immune system 
and intrinsic factors, including the ability of the 
organism to increase the number of fungi. The 
combined effects of the regulatory interactions 
maintain the balance between healthy coloniza
tion and disease [18].

4.1. Factors Contributing to Fungal 
Colonization of the GI tract

Adherence of Candida to the human GI tract 
mucosa is an important pathogenic factor. It is 
required for the yeast colonization and contrib
utes to persistence within the host [5]. Fungal 
colonization is a risk factor of the yeast dissemi
nation [6]. biasoli et al. found significant differ
ences between certain Candida strain adherence 
capacities and their ability to colonize mucosal 
surfaces [6]. Microarray studies analyzing 
interactions between C. albicans and cultured 
immune cells revealed significant changes in 
the C. albicans metabolism and stress responses 
[19]. studies on the antigens expressed during 
oral fungal infections revealed the expression of 
components of mitogenactivated protein (MAP) 
kinase transduction pathway signals, as well as 

Fungal colonization of  GI
tract 

Fungal overgrowth

Mucosal candidiasis

Clearance

Fungal dissemination

FIGUre 24.1 states of host fungus interaction within 
the gastrointestinal tract. Fungal colonization, fungal over
growth, mucosal candidiasis, fungal dissemination.
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table 24.3 Host defense antifungal mechanisms and factors determining mucosal candidiasis and fungal 
dissemination

Host defense antifungal mechanisms Factors determining mucosal candidiasis and fungal dissemination

1. Primary defense mechanisms: mucus 
covering GI mucosa, mucosal barrier, 
defensins, secretory IgA, mucins [5].

1. Adherence to human GI tract mucosa [5].

2. second line antiCandida protection: 
neutrophils, eosinophils, monocytes [5].

2. Morphogenesis [5].

3. cellmediated immunity. secretion of 
cytokines, TNF, IL13 [5].

3. Hydrolytic enzymes: aspartic proteinases, lipases, phospholipases 
[5, 20].

4. Humoral immunity [1, 21, 23]. 4. Genes encoding virulence factors: HeX1, sAP 1–4, LIP 1–10 [50].
ece1, rbT1, rbT4 [19].
of protein Not5, required for systemic virulence 
[19]. experiments on rockland mice, orally 
inoculated with a suspension of yeasts, revealed 
that the most adherent yeasts (C. albicans 
strain) persisted longer (over 8 weeks), while 
less adherent Candida strains were eliminated 
from the mice GI tract within 10 days [6]. such 
fungal strains as C. albicans, C. tropicalis and  
C. parapsilosis were the most frequently isolated 
from the human GI tract and remained in it 
longer at the same time [6]. C. albicans expresses 
adhesions that recognize extracellular matrix 
proteins, including laminin, collagen, fibrino
gen, fibronectin and entactin [5]. some surface 
proteins of Candida cell demonstrate similarity 
to the mammalian integrins M2, X2 and  
51 [5]. The composition of C. albicans cell sur
face is dynamic (Table 24.3). In vitro and in vivo 
studies revealed C. albicans cell surface modula
tions dependent on the environmental factors 
[5]. These surface changes enable a commensal 
yeast strain to escape the immune surveillance 
[5]. changes in surface protein glucosylation 
may expose hydrophobic protein structures at 
the cell surface and influence adherence proper
ties [5]. In vitro studies demonstrated the influ
ence of changing environmental factors on the 
C. albicans morphogenesis, which means the 
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switching of the Candida colony morphology 
from nonpathogenic yeast to hyphal (inva
sive) and pathogenic forms [5]. The hyphal 
form exhibits increased adherence properties, 
which correlate with increased expression of the  
51like fibronectin receptor in cells forming 
hyphae [5]. It also displays certain proteins that 
are absent or masked in the yeast form [5].

Hydrolytic enzymes, secreted by Candida 
strains, include phospholipase, hexosaminidase, 
aspartic proteinases and lipases, and determine 
their virulence. Proteinases are secreted by 
the most pathogenic Candida species, such as  
C. albicans, C. tropicalis and C. parapsilosis and 
demonstrates the broad spectrum specificity [5].
They seem to be involved in the degradation of 
mucins, which are mucosal protective glycopro
teins [20]. In comparison to bacterial enzymes, 
the role of fungal lipases is not fully explained 
[21]. bacterial lipases are involved in disrupt
ing tissues, providing nutrients. They play 
an important role in modulating the immune 
response and inhibiting monocyte and granu
locyte chemotaxis in in vitro studies [21]. There 
are some reports indicating the contribution of 
fungal lipases during fungal colonization [21]. 
The lipase genes were expressed during sys
temic infection and during in vitro infection 
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of reconstituted human epithelial cells [21].
C. albicans colonization and subsequent lipase
expression resulted in significant chemokine
MIP2 and Kc expression performed by gene
analysis, based on gene disruption, that specifi
cally inactivated one or more genes [21]. Genes
encoding virulence factors were identified, such
as the hexosaminidase gene (HeX1), several
genes encoding aspartic proteinases (sAP 1–4),
and the lipase genes family (LIP) 1–10 [5, 21].
LIP gene expression was observed during fun
gal colonization at infected mucosal sites. LIP 1,
3 and 9 expressions were detected in colonized
gastric tissue in a mouse model of mucosal can
didiasis. The LIP 2 gene expression seemed to be
important for GI tract colonization [21]. White
et al. reported expression of the eFH1 gene,
which regulates fungal colonization, favoring
commensalisms as opposed to candidiasis [18].
It encodes the altered expression of several cell
surface proteins, which may be important in
fungal colonization. expression of the efh1p
gene may influence the interaction between
colonizing C. albicans and the altered adher
ence to the mucosal surface [18]. Genes ece1,
rbT1 and rbT4 expression is linked to hyphal
morphogenesis [18]. Genes encoding enzymes
involved in the glyoxylate cycle are highly
expressed in phagocytosed fungal cells and
isocitrate lyase seems to be important for sys
temic virulence [18]. The analysis of C. albicans
cells invading host parenchymal tissue revealed
changes in the expression of numerous genes,
demonstrating that invading cells show meta
bolic changes and initiate responses to stresses
such as iron limitation [18]. Genes that influence
commensal colonization can be distinct from
genes that are required for virulence [18].

4.2. Host Defense Mechanisms

The host immune defense system, together
with an ecologically balanced GI microflora and
physical barrier of a healthy intestinal mucosa,
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comprises the defense mechanisms that inhibit 
C. albicans translocation from the GI tract [22] 
(Table 24.3).

The primary defense mechanisms include 
mucus covering GI mucosa, the mucosal barrier 
of the GI tract, defensins with broadspectrum 
antimicrobial activity, expressed in epithelium 
surrounding oral lesions, secretory immu
noglobulin (Ig) A, which is involved in the yeast 
aggregation and clearance [5]. The major struc
tural components of mucus are mucins, high 
molecular weight glycoproteins produced by 
the goblet cells of the surface epithelium. They 
may protect epithelial cells from microbial: bac
terial and fungal microorganisms adherence, 
 colonization, toxin delivery and invasion [20, 
23]. Moreover, candidacidal properties of saliva 
have been described [5]. Increasing frequency of 
Candida colonization of mucosal surfaces in the 
elderly could be explained with hyposalivation 
in this group of patients [5, 11]. Nitrates con
tained in the saliva are converted into nitrite by 
oral facultative anaerobes, including Lactobacilli 
on the tongue. When swallowed, nitrite that 
are converted to nitric oxide (No) are reported 
to exert antimicrobial effect in the stomach [11]. 
The second line antiCandida defense is provided 
by phagocytes [5]. Neutrophils, eosinophils and 
monocytes are involved in the phagocytosis 
of yeasts and hyphal forms of C. albicans. The 
Candida surface mannoproteins are able to mod
ulate phagocyte responses [5]. cellmediated  
immunity plays a central role in regulating 
immune responses to C. albicans by secreting 
cytokines that modulate the development and 
activity of immune effectors [22]. The account 
of granulocytes, NK cells, mast cells and mac
rophages play important roles in candidacidal 
activity [10]. Tumor necrosis factor (TNF)  
is highly sensitive to fungal colonization. 
Interleukin (IL)1 is released into the GI tract 
mucosa by lamina propria activated immune 
cells during inflammation. IL1 induced mucin 
release in the mouse duodenum [22]. coste et al.  
demonstrated that IL13 attenuated C. albicans 
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colonization [24]. Humoral immunity plays a 
lesser role in the defense against Candida [5].

5. ClInICal aPPlICatIons  
oF ProbIotICs

5.1. Mechanisms of Probiotic activity

The best protection against Candida coloniza
tion is the normal bacterial flora [1]. Probiotic 
therapy for the control and prophylaxis of intesti
nal candidiasis could be the alternative treatment 
since it avoids the adverse effects of antifungal 
antibiotics and diminishes the costs of antifungal 
therapy [25]. Probiotic definition is derived from 
the Greek word (probios) and means ‘support
ing or favoring life’ [26]. According to the Food 
and Agriculture organization of the United 
Nations World Health organization, probiot
ics are defined as live microorganisms which, 
when consumed in adequate amounts as part 
of food, confer a health benefit on the host [26]. 
These living microorganisms are able to survive 
in the stomach acid and bile, maintain viability 
throughout extended periods of storage, and are 
safe for human consumption [27].

It has been suggested that probiotic bacteria 
are promising agents for the treatment of gas
trointestinal barrier disorders, including infec
tious colitis, antibioticassociated diarrhea and 
IbD [4]. They are widely applied in the lactulose  
intolerance, acute gastritis and enteritis such  
as: acute diarrhea, traveler’s diarrhea, post 
antibiotic diarrhea, IbD, allergies, pseudo
membranous colitis, irritable bowel syndrome 
[28]. The clinical applications for protiotics are:

l lactose intolerance;
l gastroenteritis: acute diarrhea, antibiotic

induced diarrhea, traveler’s diarrhea;
l allergies;
l inflammatory bowel disease;
l irritable bowel syndrome;
l Clostridium difficileinduced colitis.
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5.2. Probiotics and Fungal Interaction

Antifungal activity of probiotics is given in 
Table 24.4. GI tract microflora plays an import
ant role in the pathophysiology of nonspecific 
intestinal inflammations, like ulcerative colitis 
or pouchitis which is a complication after ileal 
pouch anal anastomosis, after restorative procto
colectomy performed in patients with ulcerative 
colitis [4]. Predominance of potentially harmful 
bacteria, and the decrease of beneficial species 
such as Lactobacillus and Bifidobacterium, were 
found in patients with IbD. establishing normal 
microbialhost interactions is important for host 
health [26]. Molecular techniques, like fluores
cent in situ hybridization (FIsH) revealed that 
pouchitis was associated with the loss of ben
eficial intestinal bacteria, especially Lactobacilli 
and Bifidobacteria and fall of diversity of bacte
rial strains. beneficial effects of probiotic treat
ment with VsL#3 resulted in the maintenance of 
remission and the increase of diversity of bacte
rial strains and restoration of Enterobacteriaceae 
species, mainly E. coli [4]. Fungal strains diver
sity seemed to be inversely related to bacterial 
diversity. Fungal overgrowth is considered as 
the consequence of the imbalance between bac
terial strains, following the antibiotic therapy 
or dietary regimen as, for example, in inten
sive care units. It seems to be closely related to 
bacterial imbalance, associated with impaired 
control mechanisms and reduced competition 
between bacterial microbiota [4]. Molecular 
analysis of the fungal microflora with dena
turating gradient gel electrophoresis (DGGe) 
method revealed increased strains diversity in 
the active phase of pouchitis. Administration of 
VsL#3 probiotic preparation consisting of four  
strains of Lactobacilli (acidophilus, bulgaricus, 
casei, plantarum), three strains of Bifidobacteria 
(breve, infantis, longum) and Streptococcus ther-
mophilus, maintained remission of pouchitis, 
which was accompanied with the reduction 
of fungal diversity and an increase of bacterial 
diversity in comparison with placebo treatments 
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table 24.4 The effect of probiotic species on the fungal colonization of GI tract

Probiotic species Effect of fungal colonization of GI tract Reference

VsL#3 ↓ of fungal diversity, ↑of bacterial diversity [4]
↓ of fungal overgrowth
↑ of mucin expression [25]
↑ of mucosal barrier
↑ IL10
Maintenance of the remission of pouchitis. [4]

Lactobacilli Production of lactic and acetic acid [29]
bacteriocins and antifungal substances synthesis
↑ adherence to mucosal epithelium
competition of adhesion of Candida sp.
overexpression of MUc3 mucin gene and [22]
↑ production of protective mucins.

L. casei ↓ TNF induced cytokines, chemokines. [25]

L. acidophilus Production of H2o2 [32]
↑ IL4, ↑ IL12, ↑ IFN, ↑ No
enhanced C. albicans clearance
↓ IL1, ↓ TNF. [12]

L. fermentum effect similar to L. acidophilus but less expressed.

LGG ↑ mucosal IgA response [16]
↑ mucosal barrier
↓ mucosal permeability. [25]

LGG Modifies fungal GI ecology. [25]

L. coryniformis Production of antifungal substances. [29]

L. plantarum Production of phenyllactic and 4hydroxyphanullactic acid [30]
Production of lowmolecular weight substances:
benzoic acid, methyhydantoin, mevalonolactone
Production of cyclic dipeptides [29]
Generation of No (improvement of motility, circulation and mucus secretion) [2]
Inhibition of fungal growth.

L. acidophilus 
NcTH strain

better protection of immunodeficient mice from systemic candidiasis 
compared with L. acidophilus LA1 strain

[33]

↑ of mice survival, suppression of weight loss,
↓ fungal dissemination.

L. acidophilus LA1 
strain

better protection of immunodeficient mice from orogastric candidiasis 
compared with L. acidophilus NcFM strain.

[33]

Bifidobacterium 
(b.) species

↑ antibodies to C. albicans [34]
↓ fungal dissemination
suppression of weight loss
↓ of fungal overgrowth.

B. infantis More effective in antibodies production than B. lactis. [34]

B. lactis better protection from GI candidiasis from B. infantis. [34]

B. animalis ↑ inflammatory response [28]
↑ of polymorphonuclear cells, macrophages and lymphocytes
↓ of fungal overgrowth
↑ of T cell dependent IgA, IgG antibodies. [34]

Saccharomyces (S.) 
boulardii

↓ IL1 , ↓ TNF [21]
↓ of inflammation intensity
↓ of translocation of Candida to mesenteric lymphnodes, liver and kidneys of 
immunosuppressed rats
↓ of GI tract fungal colonization.
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[4,  7]. Probiotic species including Lactobacilli, 
Bifidobacteria, E. coli Nissle 1917 (a non 
pathogenic E. coli strain), Saccharomyces boulardii,  
VsL#3 are capable of modifying the microbial 
balance within the GI tract by reducing the over
growth of pathogens, such as Candida, in differ
ent mechanisms and with different strengths 
[10,  26,  29]. The mechanisms that enable  
probiotics to maintain the GI tract microbial 
balance include: production of bacteriocinlike 
substances, competitive inhibition of pathogen 
and toxin adherence to the intestinal epithe
lium, colonization of the GI tract mucosa and 
reduction of the fungal overgrowth, stimula
tion of the mucosal and systemic immune sys
tems, enhancing host innate immunity, increase 
of antiinflammatory and suppression of pro
inflammatory cytokine production [15, 26, 29] 
(Table 24.4).

Lactobacilli

certain Lactobacilli species are currently used 
as probiotics. They were evaluated for their 
antifungal activity in several clinical trials and 
experimental models. Lactobacilli strains vary in 
their capacities for host protection from infec
tious diseases [29]. The antimicrobial effect 
of Lactobacilli is related mainly to the produc
tion of lactic and acetic acids, but for some 
strains, synthesis of bacteriocins seems to be 
important [30]. There are many reports on 
the production of antibacterial substances by 
Lactobacilli, but reports on the yeast inhibition 
are few. Production of proteinaceous antifun
gal substance by Lactobacillus coryniformis was 
described [30]. Lavermicocca et al. reported 
isolation of the antifungal substance, phenyl
lactic acid and 4hydroxyphenyllactic acid from 
Lactobacillus plantarum strains [31]. oral sup
plementation with Lactobacillus casei subspe
cies rhamnosus (LGG) resulted in a significant 
reduction of gastrointestinal Candida coloniza
tion in the very low birth weight neonates given 
LGG [17]. The potential mechanism by which 
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LGG modifies fungal ecology in the GI tract 
includes competitive exclusion of fungi, reduc
tion in their ability to colonize the GI mucosa 
via enhanced mucosal IgA responses, as well as 
changes in intestinal permeability and increased 
gut mucosa barrier to fungi and modification 
of the host response to fungal products [17]. 
certain Lactobacilli strains can adhere to the 
mucosal epithelium and thereby compete for 
adhesion sites with Candida [31]. Part of vaginal 
Lactobacillus strains demonstrated higher surface 
hydrophobicity. Moreover, Lactobacillus strains 
showed high to moderate abilities to adhere 
to vaginal cells. selected strains inhibited the 
growth of C. albicans [31]. Most Lactobacilli were 
able to inhibit the growth of C. pseudotropicalis. 
Another antifungal activity of Lactobacillus 
strains is the production of H2o2.

It was postulated that anticandidal activity is 
based on the production of hypothiocyanate from 
H2o2 [32]. Production of a broad spectrum of 
antifungal substances by Lactobacillus plantarum, 
isolated from grass silage, was reported by ström 
et al. [30]. Fungal inhibitory substances isolated 
from Lactobacillus plantarum were identified as 
3phenyllactic acid and cyclic dipeptides [30]. 
Lactobacillus plantarum produce fungus inhibi
tory low molecularweight substances, such as  
benzoic acid, methylhydantoin, mevalonolactone 
and cyclo(GlyLLeu). These antifungal cyclic 
peptides inhibited in vitro Candida growth [30].  
The unique feature of Lactobacillus plantarum is 
its ability to catabolize arginine and generate 
No [2]. It has the ability to degrade arginine to 
No on six different pathways [2]. This function 
is interrupted by antibiotic treatment [2]. The 
administration of antibiotics such as neomy
cin, bacitracin, polymyxin b is known to reduce 
activity of intraluminal enzymes such as lysine, 
ornithine and arginine decarboxylases [2].  
No released within the GI tract by constitutive 
enzymes (No synthase) is involved in a series 
of important GI tract functions, such as bacte
riostasis, mucus secretion, motility regulation, 
splanchnic circulation and stimulation of the GI 
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immune functions [2]. Acidified nitrate in the 
stomach as an No donor plays an important 
role in the control of C. albicans growth [2, 11].  
In vitro studies performed by Mack et al. 
revealed that Lactobacillus plantarum and rhamno-
sus species enhanced the protection of the intesti
nal mucosal surface by inhibiting the adherence 
of the enteropathogenic E. coli strain (ePec) 
to mucin producing intestinal epithelial cells. 
Moreover, the adherence of Lactobacilli species to 
intestinal epithelial cells with subsequent over
expression of MUc3 mucin gene and protective 
mucin production was observed [23]. elahi et 
al. evaluated the clearance of C. albicans from 
oral cavities of mice following oral administra
tion of Lactobacillus acidophilus and Lactobacillus 
fermentum isolates. Lactobacilli significantly 
shortened the duration of Candida colonization 
in the oral cavity of mice [33]. enhanced C. albi-
cans clearance from the oral cavities correlated 
with increased secretion of interleukin (IL)4 
from stimulated T cells and enhanced the Th1 
response characterized by production of IL12 
and IFN, stimulated with Candida antigen [33]. 
rapid clearance of fungi correlated with higher 
levels of IFN and No in saliva [33]. The limi
tation of oral colonization by C. albicans did not 
involve direct interference by Lactobacillus acido-
philus, as the live probiotic bacteria was admin
istered into the stomach. There were differences 
between probiotic strains in the induction of 
mucosal protection. Lactobacillus acidophilus iso
late was more effective than Lactobacillus fermen-
tum in terms of protection and local production 
of IL4, No and IFN [33]. In our own studies, 
we compared the effect of Candida and vehicle  
gastric inoculation on gastric secretion and the 
healing process of gastric ulcers induced by 
acetic acid in rats, with or without intragastric 
administration of Lactobacillus acidophilus. Fungal 
colonization of the stomach resulted in the fall 
of gastric acid output and upregulation of  
mrNA for IL1, TNF in the gastric tissue as 
well as in the serum [12]. Probiotic bacteria vary 
in their capacity to protect hosts from infectious 
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diseases. Wagner et al. demonstrated the differ
ences in the capacity to protect immunodeficient 
mice bg/bg–nu/nu and bg/bg–nu/ from can
didiasis between two isolates of Lactobacillus 
acidophilus: NcFM and LA1 [34]. Lactobacillus 
acidophilus NcFM isolate prolonged mice sur
vival, inhibited disseminated candidiasis, and 
suppressed weight loss associated with C. albi-
cans infection, but did not decrease the severity 
or the incidence of orogastric fungal colonization 
in gnobiotic mice [34]. Lactobacillus acidophilus 
LA1 isolate suppressed C. albicans growth in 
the GI tract, and reduced the severity of mucosal 
candidiasis, but did not improve the survival 
rate [34]. In conclusion, Lactobacillus acidophilus 
NcFM provided better protection of immuno
deficient mice from systemic endogenous candi
diasis than LA1 isolate. Lactobacillus acidophilus 
LA1 was better able to protect the mice from 
mucosal orogastric candidiasis than Lactobacillus 
acidophilus NcFM [34]. comparison of the anti
fungal activity of four examined probiotic strains 
(Lactobacillus acidophilus, Lactobacillus reuteri and 
Lactobacillus casei GG or Bifidobacterium animalis)  
demonstrated that all examined bacteria in the 
GI tract prolonged the survival and reduced  
systemic candidiasis of the athymic adult or 
neonatal in mice compared with mice colonized 
only with C. albicans alone [29]. Lactobacillus casei 
and Bifidobacterium animalis significantly reduced 
the numbers of C. albicans in the GI tract. 
Lactobacillus acidophilus and Bifidobacterium ani-
malis enhanced the inflammatory response con
sisting of polymorphonuclear, macrophages and 
lymphocytes infiltrates. None of the examined 
probiotic bacteria provided complete protection 
against candidiasis [29]. Bifidobacterium animalis 
reduced the severity of candidiasis [29].

Bifidobacterium

The Bifidobacterium species holds much promise 
for providing benefits to the host. These include 
the protection of neonatal animals from patho
genic viruses, bacteria and fungi, production  
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of promoting factors for the host, providing 
adjuvant activity for antigens of pathogenic 
bacteria [35]. Bifidobacterium animalis presents a 
unique capacity to stimulate T cell dependent 
IgA and IgG antibodies, possibly via the thymus 
and mucosa tissueassociated lymphoid tissues 
[29]. comparison of two Bifidobacterium species, 
Bifidobacterium infantis and Bifidobacterium lactis, 
demonstrated that both species prolonged the 
survival of C. albicans colonized adult and neona
tal mice. The Bifidobacteria influenced production 
of antibodies to C. albicans, inhibited dissemi
nated candidiasis, suppressed weight loss caused 
by C. albicans infection, inhibited the growth of  
C. albicans in the alimentary tract, inhibited sys
temic candidiasis of endogenous origin and 
decreased the severity of gastric candidiasis in 
mice [35]. However, Bifidobacterium infantis was 
more effective in the suppression of disseminated 
candidiasis [35]; this could be explained by the 
more effective ability of Bifidobacterium infantis to 
induce antibody production in comparison with 
Bifidobacterium lactis [34], whereas Bifidobacterium 
lactis protected mice from gastric candidiasis  
better than Bifidobacterium infantis [35].

Saccharomyces boulardii is a thermophilic, non
pathogenic yeast; administered orally comprises 
efficacy in the treatment of acute gastrointesti
nal infections and antibioticassociated diarrhea. 
oral administration of Saccharomyces boulardii 
was found to inhibit C. albicans translocation to 
the mesenteric lymph nodes, liver and kidneys in 
immunosuppressed rats by reducing the gastroin
testinal levels of C. albicans [22]. It also decreased 
serum levels of proinflammatory cytokines: IL1 
and TNF [22]. Saccharomyces boulardii treatment 
significantly decreased intensity of inflammation 
in the lamina propria of colon [22].

6. ConClUsIon

Gastrointestinal tract contains around 500 
microbial species. Fungi are a small part of the 
intestinal microbiota. Many factors such as stress 
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of modern life, reduced physical activity, pro
cessed foods, antibiotic therapies, as well as pro
longed adaptation of human genes to dynamic 
changes in the lifestyle, seem to derange the 
host–microflora interplay and contribute to the 
development of inflammatory and/or infectious 
diseases. This process could be attenuated by pro
biotics. The mechanism that enables probiotics to 
maintain the balance within the intestine includes 
production of bacteriocinlike substances, inhi
bition of pathogens and toxin adherence to the 
intestinal epithelium, and reduction of the fungal 
overgrowth.

references
 1. bernhardt, H., & Knoke, M. (1997). Mycological aspects 

of gastrointestinal microflora. Scandinavian Journal of 
Gastroenterology, 32(222), 102–106. 

 2. bengmark, s. (1998). ecological control of the gastroin
testinal tract. The role of probiotic flora. Gut, 42, 2–7. 

 3. Linskens, r. K., Huijedens, X. W., savelkoul, P. H., 
et al. (2001). The bacterial flora in inflammatory bowel 
disease: current insights in pathogenesis and the influ
ence of antibiotics and probiotics. Scandinavian Journal of 
Gastroenterology, 234, 29–40. 

 4. Kühbacher, T., ott, s. J., Helwig, U., et al. (2006). 
bacterial and fungal microbiota in relation to probiotic 
therapy (VsL#3) in pouchitis. Gut, 55, 833–841. 

 5. cannon, r. D., Holmes, A. r., Mason, A. b., & Monk, b. 
c. (1995). clearance, colonization or candidiasis? Journal 
of Dental Research, 74(5), 1152–1161. 

 6. biasoli, s. M., Tosello, M. e., & Magaro, H. M. (2001). 
Adherence of Candida strains isolated from the human 
gastrointestinal tract. Mycoses, 45, 465–469. 

 7. ruhnke, M. (2006). epidemiology of Candida albicans 
infections and role of nonCandida albicans yeasts. 
Current Drug Targets, 7(4), 495–504. 

 8. reddy, b. s., Gatt, M., sowdi, r., et al. (2008). Gastric 
colonization predisposes to septic morbidity in surgical 
patients: a prospective study. Nutrition, 24, 632–637. 

 9. Lockhart, s. r., Joly, s., Vargas, K., et al. (1999). Natural 
defenses against Candida colonization breakdown in the 
oral cavities of the elderly. Journal of Dental Research, 78, 
858–868. 

10. Hatakka, K., Ahola, A., YliKnuuttila, H., et al. (2007). 
Probiotics reduce the prevalence of oral Candida in the 
elderly—a randomized controlled study. Journal of 
Dental Research, 86, 125–130. 

11. o’May, G. A., reynolds, N., & Macfarlane, G. T. (2005). 
effect of pH on an in vitro model of gastric microbiota 
 AND HeALTH



383REFERENCES
in enteral nutrition patients. Applied Environment of 
Microbiology, 71(8), 4777–4783. 

12. brzozowski, T., ZwolinskaWcisło, M., Konturek,  
P. c., et al. (2005). Influence of gastric colonization with 
Candida albicans on ulcer healing in rats: effect of raniti
dine, aspirin and probiotic therapy. Scandinavian Journal 
of Gastroenterology, 40, 286–296. 

13. ZwolinskaWcisło, M., budak, A., bogdał, J., et al. 
(2001). Fungal colonization of gastric mucosa and its 
clinical relevance. Medical Science Monitor, 7, 982–988. 

14. ZwolinskaWcisło, M., brzozowski, T., Mach, T.,  
et al. (2006). Are probiotics effective in the treatment 
of fungal colonization of the gastrointestinal tract? 
experimental and clinical studies. Journal of Physiology 
and Pharmacology, 57, 35–49. 

15. Manzoni, P., Farina, D., Leonessa, M. L., et al. (2006). risk 
factors for progression to invasive fungal infection in pre
term neonates with fungal colonization. Pediatrics, 118, 
2350–2364. 

16. Munoz, P., burillo, A., & bouza, e. (2000). criteria used 
when initiating antifungal therapy against Candida 
spp. in the intensive care unit. International Journal of 
Antimicrobial Agents, 15, 83–90. 

17. Manzoni, P., Mostert, M., Leonessa, M. L., et al. (2006). 
oral supplementation with Lactobacillus casei subspecies 
rhamnosus prevents enteric colonization by Candida spe
cies in preterm neonates: a randomized studies. Clinical 
Infectious Diseases, 42(15), 1735–1741. 

18. White, s. J., rosenbach, A., Lephart, P., et al. (2007). self
regulation of Candida albicans population size during GI 
colonization. PLoS Pathogens, 3(12), 1866–1878. 

19. Naglik, J., Fostira, F., ruprai, J., et al. (2006). Candida 
albicans HWP1 gene expression and host antibody 
responses in colonization and disease. Journal of Medical 
Microbiology, 55, 1323–1327. 

20. De repetigny, L., Aumont, F., bernard, K., & belhumeur, 
P. (2000). characterization of binding of Candida albi-
cans to small intestinal mucin and its role in adherence 
to mucosa epithelial cells. Infection & Immunity, 68(6), 
3170–3172. 

21. schofield, D. A., Westwater, c., Warner, T., & balish, e. 
(2005). Differential Candida albicans lipase gene expres
sion during alimentary tract colonization and infection. 
FEMS Microbiology Letters, 244, 359–365. 

22. Algin, c., sahin, A., & Kiraz, N., et al. (2005). effectiveness 
of bombesin and Saccharomyces boulardii against the trans
location of Candida albicans in the digestive tract in immu
nosupressed rats. Surg Today, 35, 869–873. 

23. Mack, D. r., Ahrne, s., Hyde, L., et al. (2003). 
extracellular MUc 3 mucin secretion follows adher
ence of Lactobacillus strains to intestinal epithelial cells 
in vitro. Gut, 52, 827–833. 
D. ProbIoTIcs
24. coste, A., Lagame, c., & Filipe, c.etal. (2008). IL13  
attenuates gastrointestinal candidiasis in normal  
and immunodeficient rAG2 mice via peroxysome 
proliferatoractivated receptor activation. Journal of 
Immunology, 180, 4939–4947. 

25. ruizsanchez, D., calderonromero, L., sanchez 
Vega, J. T., & Tay, J. (2002). Intestinal candidiasis.  
A clinical reports and comments about this opportunis
tic pathology. Mycopathologia, 156, 9–11. 

26. Vanderpool, ch., Yan, F., & Polk, D. b. (2008). 
Mechanisms of probiotic action: implications for thera
peutic applications in inflammatory bowel disease. 
Inflammatory Bowel Diseases, 14, 1585–1596. 

27. Damaskos, D., & Kolios, G. (2008). Probiotics and prebi
otics in inflammatory bowel disease: microflora ‘on the 
scope’. British Journal of Clinical Pharmacology, 65, 453–467. 

28. Goldin, b. r., & Gorbach, s. L. (2008). clinical indica
tions for probiotics: an overwiew. Clinical Infectious 
Diseases, 46, 96–100. 

29. Wagner, r. D., Pierson, c., Warnere, T., et al. (1997). 
biotherapeutic effects of probiotic bacteria on candidiasis 
in immunodeficient mice. Infection & Immunity, 65(10), 
4165–4172. 

30. ström, K., sjögren, J., broberg, A., & schnürer, J. (2002). 
Lactobacillus plantarum MiLAb 393 produces the antifun
gal cyclic dipeptides cyclo (LPheLPro) and cyclo (L
Phetrans4oHLPro) and 3Phenyllactic Acid. Applied 
Environmental Microbiology, 68(9), 4322–4327. 

31. Lavermicocca, P., Valerio, F., evidente, A., et al. (2000). 
Putrification and characterization of novel ant fungal 
compounds from the sourdough Lactobacillus plantarum 
strain 21b. Applied Environmental Microbiology, 66, 
4084–4090. 

32. strus, M., Kucharska, A., Kukla, G., et al. (2005). The 
in vitro activity of vaginal Lactobacillus with prebiotic 
properties against Candida. Infectious Diseases Obstetrics 
Gynecology, 13, 69–75. 

33. elahi, s., Pang, G., Ashman, r., & clansy, r. (2005). 
enhanced clearence of Candida albicans from the 
oral cavities of mice following oral administra
tion of Lactobacillus acidophilus. Clinical Experimental 
Microbiology, 141, 29–36. 

34. Wagner, r. D., Warner, T., roberts, L., et al. (1998). 
Variable biotherapeutic effects if Lactobacillus acidophilus 
isolates on orogastric and systemic candidiasis in immu
nodeficient mice. Revista iberoamericana de micología, 15, 
271–276. 

35. Wagner, r. D., Warner, T., Pierson, c., et al. (1998). 
biotherapeutic effect of Bifidobacterium spp. on orogas
tric and systemic candidiasis in immunodeficient mice. 
Revista iberoamericana de micología, 15, 265–270. 
 AND HeALTH



Probiotics and Host Defense, Health 
Claim and Evidences

Yoichi Fukushima1, Antonio Marcos Pupin2, Wei Hua Cai3,  
Jian Jun Chen3, and Eva Hurt2

1Nestlé Research Center, Nestec Ltd., Lausanne, Switzerland
2CT-Regulatory, Nestec Ltd., Vevey, Switzerland

3Shanghai Rundo Biotech Japan Co. Ltd., Kobe, Hyogo, Japan

25
C H A P T E R
1. INTRoduCTIoN

Attempts to reveal the physiological func-
tion of foods and establishment of regulations 
on health claims has accelerated through the 
world. In Japan, the Ministry of Health and 
Welfare, the former Ministry of Health, Labor, 
and Welfare (MHLW), issued the Investigative 
Commission Report on Functional Food in 1990. 
The Food for Specified Health Uses (FOSHU) 
system was inaugurated in 1991 as the world’s 
first approval system on health claim labeling 
for food products. All health claims are regu-
lated under this system. Some probiotics have 
FOSHU claim approval, but the name ‘probi-
otics’ itself is not regarded as a health claim  
in Japan. In China, the Ministry of Health inau-
gurated the Foods with a Health Claim system in 
1996. This system was amended in 2005, through 
issuing of the ‘Provision for Health Foods 
Registration (interim)’; and the ‘Regulatory 
for Probiotic Health Foods Application and 
38Bioactive Foods in Promoting Health: Probiotics and Prebiotics 
Examination (interim)’ was issued for probi-
otics. For the development of food products 
with probiotics, another regulation ‘Regulation 
for Novel Food’ is also usually involved. In 
Brazil, since 1999, the use of functional and/or 
health claims in food labels has been regulated 
by the National Health Surveillance Agency 
(ANVISA), supported by a Technical Scientific 
Advisory Commission on Functional Foods and 
Novel Foods (CTCAF). The well-defined regula-
tion system establishes rules for the introduction 
of novel foods or food ingredients and another 
set of rules for labeling foods with functional 
and/or health claims. In the European Union 
(EU), the new Nutrition and Health Claims 
(NHC) Regulation, brought into force in 2007, 
harmonizes the requirements on claims on food 
products across the 27 member states. All claims 
have to be authorized for use after a scientific 
assessment of the highest possible standard 
and may not be false or misleading, nor refer 
to prevention, treatment or cure of a disease. 
During a transitional period until 2010 health 
5 © 2010, Elsevier Inc. All rights reserved.
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claims based on generally accepted scientific 
evidence are under the central scientific evalua-
tion, but can be made under the manufacturer’s 
own responsibility. At the time of writing, the 
European Food Safety Authority (EFSA—the 
central body providing scientific advice to Euro-
pean decision-makers) was evaluating several 
thousand diet–health relationships, which will 
lead to a Community list of permitted claims.

Probiotics is defined as live microorgan-
isms which, when administered in adequate 
amounts, confer a health benefit on the host 
[1], and the terminology was introduced in 
1991 [2]. Probiotics are scientifically well-docu-
mented food components that could deliver 
health benefits including gut microbiota bal-
ancing, normalizing regularity, gut comfort, 
immune boosting, anti-infection, anti-diarrhea, 
anti-allergy, and skin health. Emerging science 
increasingly shows health benefits of food and 
approximately 500 scientific articles per year 
show the health benefits of probiotics. Probiotics 
and their health benefits proven by human trials 
[3–115] are summarized in Table 25.1.

Since the 1990s, local authorities around the 
world have been establishing rules for health 
claims on foods. The systems have been updated 
several times and the process is still on-going. In 
this review, the health claim systems currently 
applied in the four major areas, Japan, China, 
Brazil and Europe as of April 2009, are reviewed 
and discussed in the scope of scientific evidence 
and potential health claims on probiotics.

2. HeaLTH CLaIm aNd 
pRoBIoTICS IN JapaN

2.1. Health Claim Regulation in Japan

Health claim regulations on food products, 
known as the Food for Specified Health Uses 
(FOSHU) system was inaugurated in Japan in 
1991. FOSHU refers to foods containing ingre-
dients with functions for health and officially 
D. PROBIOTICS
approved claims on physiological effects on 
the human body. FOSHU is intended to be con-
sumed for the maintenance/promotion of health 
or special health uses by people who wish to con-
trol health conditions, including blood pressure 
and blood cholesterol. In order to sell a food as 
FOSHU, the assessment of the safety of the food 
and effectiveness of the functions for health is 
required, and the claim must be approved by the 
MHLW. FOSHU’s health claim is approved by 
MHLW, product-by-product, based on the appli-
cation by food manufacturers. FOSHU-approved 
products can include a seal of FOSHU approval 
on product packages.

In 2001, the ‘Food with Health Claims’ system 
was employed, and FOSHU was re-positioned  
under the category of Food with Health Claims 
(FHC) alongside the new category ‘Food with 
Nutrient Function Claims (FNFC)’ shown in 
Figure 25.1. FHC refers to foods that comply 
with the specifications and standards estab-
lished by the MHLW and are labeled with cer-
tain nutritional or health functions. These foods 
are categorized into the two groups, accord-
ing to differences in purpose and function: 1) 
FNFC, foods that are labeled with the functions 
of nutritional ingredients (vitamins and miner-
als); and 2) FOSHU, foods officially approved to 
claim physiological effects on the human body. 
FOSHU and FNFC are categorized as foods, and 
cannot claim any medical terms such as cure or 
prevention. The new regulation on ‘Reduction 
of Disease Risk Claims’ started under FOSHU in 
2005, in accordance with the CODEX draft guide-
line, when the reduction of disease risk claims 
for osteoporosis and neural tube defects were 
allowed on products with calcium and folic acid, 
respectively. In addition to ‘regular’ FOSHU, 
Qualified FOSHU and Standardized FOSHU 
were also introduced to facilitate application for 
FOSHU approval.1 Foods with a health function 

1http://www.mhlw.go.jp/english/topics/foodsafety/
fhc/index.html.
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[3]
,f [4–14]

[15,16]

[17–20]

✓h [21]

[22–24]

[25–27]

[28]

✓b [29]

[30–33]

✓j [34]

[35]

[36–40]

[41–49]

[50]

[51,52]

✓i [53–61]

[62]

[63,64]

[65]

[66–68]
,f ✓g,h [69–75]
,f ✓g [76–89]

[90–93]

[94]

✓g [95,96]

(Continued )
TaBLe 25.1 Probiotics and proven health benefit in humans

Probiotic strain(s) Strain supplier Health claim ca

Digestive 
health

Pro

Single strain

Bifidobacterium animalis Lafti B94 (CBS118.529) DSM (Netherland) ✓

Bifidobacterium animalis spp. lactis Bb12® (BL818) (NCC2818) Chr. Hansen (Denmark) ✓ ✓a,d

Bifidobacterium animalis spp. lactis CNCM I-2494/DN-173 010 Danone (France) ✓

Bifidobacterium breve Yakult (BbY) Yakult (Japan) ✓

Bifidobacterium infantis 35624 (Bifantis®) Alimentary Health (Ireland)

Bifidobacterium lactis HN019 AGAL NM97/09513 (DR10) Danisco (Denmark) ✓ ✓f

Bifidobacterium longum BB536 (BL999) (NCC3001) Morinaga (Japan) ✓ ✓a

Enterococcus faecium SF68 (NCIMB 10415) (NCC2768) Cerbios Pharma (Switzerland) ✓d

Escherichia coli Nissle 1917 Ardeypharm (Germany)

Lactobacillus acidophilus L92 Calpis (Japan) ✓ ✓a

Lactobacillus acidophilus LA14 Danisco (Denmark)

Lactobacillus acidophilus NCFM ATCC SD5221 Danisco (Denmark) ✓

Lactobacillus casei CNCM I-1518/DN-114 001 Danone (France) ✓f,d

Lactobacillus casei Shirota (LcS) Yakult (Japan) ✓ ✓c,f

Lactobacillus fermentum CECT5716 Puleva Biotech (Spain) ✓f

Lactobacillus fermentum VRI-033 PCC (NM 02/31047) Probiomics (Australia) ✓a

Lactobacillus johnsonii NCC 533 (La1) (CNCM I-2115) Nestlé (Switzerland) ✓ ✓e,f

Lactobacillus paracasei 33 GenMont Biotech (Taiwan) ✓a

Lactobacillus paracasei NCC 2461 (ST11) (CNCM I-2116) Nestlé (Switzerland) ✓d,f

Lactobacillus paracasei spp. paracasei CRL-431 Chr. Hansen (Denmark) ✓f

Lactobacillus plantarum 299v Probi AB (Sweden) ✓d,h

Lactobacillus reuteri ATCC 55730 (SD2112) BioGaia (Sweden) ✓a,d

Lactobacillus rhamnosus ATCC53103 (LGG®) (LPR) (NCC4007) Valio (Finland) ✓ ✓a,d

Lactobacillus rhamnosus HN001 AGAL NM97/09514 (DR20) Danisco (Denmark) ✓ ✓a,f

Saccharomyces boulardii PXN68TM Biocodex (France) ✓d

Streptococcus salivarius K12 (Blis) (ATCC BAA-1024) BLIS Technologies (New Zealand) ✓f
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[97–99]

[100,101]

[102–104]

[105–107]

[108]

[109–112]

✓j [113]

[114]

✓b,h [115]

ry Reference

ion Others
D
. PR
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Combination of strains

Bifidobacterium animalis spp. lactis Bb12® Chr. Hansen (Denmark) ✓ ✓b,d

Lactobacillus acidophilus LA-5®

Lactobacillus acidophilus LB (Lactéol)* Axcan Pharma (France) ✓d

Lactobacillus gasseri PA16/8 Merck (USA) ✓f

Bifidobacteirum bifidum MF 20/5

Bifidobacterium longum SP07/3

Lactobacillus gasseri CECT5714 Puleva Biotech (Spain) ✓f

Lactobacillus coryniformis CECT5711

Lactobacillus acidophilus I-1722 (Rosell-52) Lallemand (Canada) ✓

Bifidobacterium longum CNCM I-3470 (Rosell-175)

Lactobacillus rhamnosus 19070-2 Chr. Hansen (Denmark) ✓a,d

Lactobacillus reuteri DSM12246

Lactobacillus rhamnosus GR 1 (ATCC 55826) Urex Biotech (Canada)

Lactobacillus reuteri RC-14 (ATCC 55845)

Propionibacterium freudenreichii SI 41 Standa (France) ✓

Propionibacterium freudenreichii SI 26 Propio-Fidus®

VSL#3 (eight strains mixture including lactobacilli and 
bifidobacteria)

Sigma-Tau (USA)

*Heat-killed bacteria, combining with Lactobacillus fermentum and Lactobacillus delbrueckii.
aanti-allergy.
banti-inflammatory bowel diseases (IBD).
canti-cancer.
danti-diarrhea.
eanti-Helicobacter pylori.
fimmune boosting/anti-infection.
goral health.
hanti-irritable bowel syndrome (IBS).
iskin health.
jvirginal flora/urogenital protection.

TaBLe 25.1 (Continued)

Probiotic strain(s) Strain supplier Health claim catego

Digestive 
health

Protect
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Food with Health Claims
(FHC)

FOSHU
Food for Specified

Health Uses
(Individual approval system)

FNFC
Food with Nutrient
Function Claims

(Standard regulation system)

Medicine
*

Other Food

may include
so-called
functional

foods

Medicine Food

FIguRe 25.1 Food with Health Claims including FOSHU. *Seal for FOSHU approval by the Ministry of Health, Labor 
and Welfare.
that is not substantiated by scientific evidence, 
which meets the level of regular FOSHU, or a 
food with certain effectiveness but without an 
established mechanism of the effective element 
for the function, will be approved as Qualified 
FOSHU.

Foods with a Nutrient Function Claim 
(FNFC) refers to all foods that are labeled with 
the nutrient function claims specified by the 
MHLW. The standards and specifications for 
indication of nutritional function have so far 
been established for 17 ingredients (12 vitamins 
and five minerals). These foods may be freely 
manufactured and distributed without any per-
mission from, or notification to, the national 
government, when they meet the established 
standards and specifications. For standards and 
specifications, amounts of nutritional ingredi-
ents for the recommended daily intake of the 
product must be within the specified range, 
and not only the nutrient function claims but 
also the warning indications must be displayed. 
For example, products containing vitamin C 
at 24 to 1000 mg/day can claim on the product 
package ‘helps to maintain skin and mucosa 
healthy and has antioxidizing effect’ with the 
mandatory alert description ‘Increased intake 
of this product will not result in curing diseases 
nor promoting health. Please comply with the 
advisable daily intake.’
D. PROBIOTICS
2.2. FoSHu Health Claim

FOSHU products and their health claim  
categories are summarized in Table 25.2. There 
are nine health claim categories currently 
approved, such as foods to modify gastroin-
testinal (GI) conditions, foods related to blood 
pressure, triacylglycerol, blood cholesterol 
level, blood sugar levels, osteogenesis, mineral 
absorption, dental hygiene, and reduction of 
disease risk for osteoporosis. Seven hundred 
and ninety-nine such products with 91 health-
related components have been approved as 
FOSHU since November 2008, for food product 
categories including beverages, soups, snacks, 
noodles, candy, fermented milks, table sugar, 
cooking oil, and tablet. The target population 
for FOSHU is not diseased people but healthy 
people. The Pharmaceutical Affairs Law strictly 
indicates that a product aiming at influencing 
the function or body structure should be catego-
rized as a drug. At the time of writing, claims 
for immune boosting and fatigue reduction 
have not been approved.

A reduction of disease risk claim was permit-
ted under FOSHU when a reduction of disease 
risk is clinically and nutritionally established for  
an ingredient. Two ingredients, calcium for osteo- 
porosis and folic acid for neural tube defect, 
were allowed with the ‘Reduction of Disease 
 AND HEALTH
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im (example‡)

ct contains 
ENT]. It makes easy 
ietary fiber for those 
o have less dietary 
usts GI condition and 
he bowel movement and 
equency./This product 
EDIENT] to increase 

r of bifidobacteria and 
maintenance of a good 
ment./[INGREDIENT] 
uct reaches the intestine 

s useful in improving 
nvironment.

ct contains 
NT]. It is suitable for those 
 be high in blood pressure.

ct contains 
ENT], which helps lower 
cholesterol level. Thus 
e for those who are 
about cholesterol.

ct contains [INGREDIENT] 
s to moderate the 
of glucose. Thus it is 
 those who are concerned 
vel of blood glucose.
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TaBLe 25.2 List of FOSHU Products in Japan

Health claim (Specified 
Health Use) category 
(number of approval)

Ingredients exhibiting health functions Health cla

Foods for modifying 
gastrointestinal (GI) 
conditions (334)

Lactic acid bacteria (10 single and three combination of probiotic strains in Table 25.3) This produ
[INGREDI
intake of d
who tend t
fiber. It adj
improves t
the stool fr
uses [INGR
the numbe
thus helps 
GI environ
in this prod
alive, and i
intestinal e

Lactosucrose* Psyllium husks****
Fructo-oligosaccharides (FOS)** Degraded sodium alginate****

Galacto-oligosaccharides (GOS) Degraded sodium alginate  corn fiber

Coffee bean  
manno-oligosaccharides***

Wheat bran
Hydrolyzed guar gum

Soybean oligosaccharides Agar fiber
Xylo-oligosaccharides Indigestible starch
Isomalto-oligosaccharides Polydextrose
Raffinose Yeast fiber
Lactulose Propionic acid
Indigestible dextrin Whey fermented by propionic bacterium
Indigestible dextrin  wheat bran

Reduced indigestible dextrin

Foods related to blood 
pressure (100)

Sardine peptides (VY) Casein dodecapeptides This produ
[INGREDIE
who tend to

Lacto-tripeptides (VPP, IPP) Sesami peptide (LVY)
Dried bonito oligopeptides Royal jelly peptides (VY, IY, IVY)

Seaweed (wakame) peptides Acetic acid

Isoleucyl-tyrosine Eucommia leaf glycoside

Laver seaweed (nori) oligopeptides Gamma-amino butyric acid (GABA)

Yanron flavonoids (Hyperoside and isoquercitria)

Foods related to blood 
cholesterol (125)

Chitosan Phytosterol This produ
[INGREDI
the serum 
it is suitabl
concerned 

Soy protein Phytosterol ester
Psyllium husks**** DG  phytosterol†

Degraded sodium alginate***** Tea catechin

Soy peptide with phospholipids Indigestible dextrin

S-methylcystine sulfoxide from broccoli and cabbage (SMCS)

Foods related to blood 
sugar level (113)

Indigestible dextrin Touchi extract This produ
which help
absorption 
suitable for
about the le

Wheat albumin L-alabinose
Guava polyphenols LM-alginate
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 product contains 
REDIENT] which is suitable 
eople who are concerned about 

y fat.\This product contains 
REDIENT], which helps lower 
eutral fat level. Thus, it is 
ble for those who are concerned 
t their blood neutral fat.

REDIENT] helps the 
rption of calcium to build 
g bones.\This product contains 
REDIENT] which helps to keep 

um in bone, and designed for 
asy intake and is suitable for 
e who are concerned about their 
 health.

 product uses sweeteners 
GREDIENT]) which do not 
e tooth decay. Also this product 
ains [INGREDIENT] that 
ease the recalcification, so it 
s maintenance of strong and 
thy teeth.

product is rich in calcium. 
y physical exercise and intake 
ealthy diet containing an 
ropriate amount of calcium 
s to maintain good bone health 
ung women, and can reduce 
isk of developing osteoporosis 
 in life (fixed claim).

ed not by application.
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Foods related to 
triacylglycerol (56)

Globin digest (VVYP) Beta-conglycinin This
[ING
for p
bod
[ING
the n
suita
abou

Tea catechin Oolong tea polymerized polyphenols
Diacylglycerol (DG) EPA, DHA

DG  phytosterol† Touchi extract

Coffee bean manno-oligosaccharides***

Medium-chain fatty acids (MCT)

Foods related to mineral 
absorption/Foods related 
to osteogenesis (39)

Isoflavone Lactosucrose* [ING
abso
stron
[ING
calci
its e
thos
bone

Vitamin K2 Calcium citrate malate (CCM)
Milk basic protein (MBP) Poly-gamma-glutamic acid
Fructo-oligosaccharides (FOS)** Heme iron

Casein phosphopeptide (CPP)

Foods related to dental 
hygiene (37)

Casein phosphopeptide amorphous  
 calcium phosphate nanocomplexes 
 (CPP-ACP)

Sugar alcohols  tea polyphenols etc.
Maltitol
Green tea flourine

This
([IN
caus
cont
incr
help
heal

Phosphorylated Ca  
 oligosaccharides (POs-Ca)
Xylitol, calcium phosphate, fnoran

Reduction of Disease  
Risk (Osteoplosis) (6)

Ca The 
Dail
of h
app
help
in yo
the r
later

Total (799)

As of November 2008.
*2 products claim both for ‘GI condition’ and ‘Ca absorption.’
**A product claims both for ‘GI condition’ and ‘Ca absorption.’
***10 products claim both for ‘triacylglycerol’ and ‘GI condition.’
****19 products claim both for ‘GI condition’ and ‘blood cholesterol.’
*****7 products claim both for ‘blood cholesterol’ and ‘GI condition.’
†4 products allowed to claim ‘triacylglycerol and blood cholesterol.’
‡FOSHU health claims are not fixed in general, except for Reduction of Risk Disease and Standard FOSHU, and approv
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Risk Claims.’ Six products are approved for 
calcium and osteoporosis with the fixed claim 
‘Intake of proper amounts of calcium contained 
in healthy meals with appropriate exercise may 
support healthy bones of young women and 
reduce the risk of osteoporosis when aged.’ 
On folic acid and neural tube defects, the fixed 
claim ‘Intake of proper amounts of folic acid 
contained in healthy meals may support women 
to bear a healthy baby by reducing the risk of 
neural tube defect, such as spondyloschisis, 
during fetal development’ was allowed; how-
ever, there are no FOSHU products applying for 
this claim.

FOSHU approval requires a submission of 
the facts on effectiveness clearly proven on the 
human body, absence of any safety concerns 
(animal toxicity tests, confirmation of effects in 
the cases of excess intake, etc.), use of nutrition-
ally appropriate ingredients (e.g. no excessive 
use of salt, etc.), a guarantee of compatibility  
with product specifications at the time of  
consumption, and established quality control 
methods, such as specifications of products and 
ingredients, processes, and methods of analysis. 
At least one human trial in healthy subjects on 
the final product published in a peer-reviewed 
scientific journal is required to show its effi-
cacy, and also a human trial using three times 
the higher dose for several weeks should be 
documented as safety information. Additional 
human trials are required when the applicant 
changes the product formula or dose. ‘Regular’ 
FOSHU requires a randomized controlled 
human trial on the final product for efficacy con-
firmation. Health claims may be approved with 
weaker scientific evidences under Qualified 
FOSHU (distinguished from Regular FOSHU), 
and must indicate ‘Qualified’ in the seal of 
FOSHU on the product package. For Reduction 
of Disease Risk FOSHU and Standard FOSHU, 
a human trial on the product is required just  
as a safety confirmation but not for efficacy, 
where existing scientific evidence is recog-
nized as sufficient for the claim. Standardized 
D. PROBIOTICS
FOSHU is approved when it meets the stand-
ards and specifications established for foods 
with sufficient FOSHU approvals and accu-
mulation of scientific evidence. Three dietary  
fibers including indigestible dextrin (3–8 g/day), 
polydextrose (7–8 g/day), hydrolyzed guar gum 
(5–12 g/day) and six indigestible oligosacchari-
des (OS), including soy oligosaccharides (2–6 g/
day), flucto-oligosaccharides (3–8 g/day), lac-
tosucrose (2–8 g/day), galacto-oligosaccharides 
(2–5 g/day), xylo-oligosaccharides (1–3 g/day), 
and isomalto-oligosaccharides (10 g/day) are 
allowed to carry the fixed health claims, ‘con-
tains fiber [INGREDIENT] and maintains the 
GI conditions’ and ‘contains [INGREDIENT] 
OS, which increases intestinal bifidobacteria 
and keeps good intestinal environment, and 
maintains GI conditions,’ respectively. The 
Standard FOSHU claim on products with indi-
gestible dextrin for blood glucose levels would 
be approved shortly. The mechanism of action 
of the functional components in the product is 
required to be described in the FOSHU appli-
cation document for Regular FOSHU; but not 
for Qualified FOSHU, Standard FOSHU and 
Reduction of Disease Risk FOSHU.

The applicants submit the FOSHU applica-
tion documents with the target health claim 
wording and scientific evidence to the MHLW 
and the local health center. The MHLW then 
conducts a hearing session for the applicant. 
Two committees under MHLW composed of 
external scientists evaluate the application doc-
uments. The National Institute of Nutrition and 
Health conducts an analysis of food compo-
nents, and approval for FOSHU is announced 
by MHLW. The whole application process takes 
a minimum of 6 months. Since 2003, the Food 
Safety Committee under the Cabinet Office 
have acted separately from the MHLW commit-
tee, and safety evaluation by this committee is 
required for FOSHU applications; in case the 
product contains novel functional components 
in FOSHU, the procedure may take an addi-
tional 6 months.
 AND HEALTH
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2.3. FoSHu Claims on probiotics

A health claim category ‘modify GI condi-
tions’ is a major FOSHU claim category, where 
FOSHU claims on products with dietary fib-
ers, prebiotics, as well as probiotics, have been 
approved. As of November 2008, 73 products 
with 13 probiotic strains and/or combinations 
of strains, including eight lactobacilli and six 
bifidobacteria strains, have been approved 
under the ‘modify GI conditions’ claim category 
in FOSHU shown in Table 25.3. The FOSHU 
claim wording allowed on ‘reaches the intes-
tines,’ ‘help increase intestinal bifidobacteria 
and lactobacilli (or good bacillus) and decrease 
bad ones,’ ‘promotes/regulates/maintains GI 
conditions,’ ‘keeps the intestines healthy,’ or 
‘regulates the balance of intestinal microflora,’ 
‘useful to improve defecation,’ or ‘suitable for 
those concerned about gut health,’ based on  
scientific evidence submitted by applicants.

The nutritional composition with the effec-
tive level of the related functional component, 
the approved health claim, daily standard 
dosage, intake manner, and caution of intake 
should be indicated on the package label of 
the FOSHU product. It is allowed to indicate 
‘MHLW agreed FOSHU’ with a seal for FOSHU 
and to describe a simplified health claim ‘catch 
copy (phrase)’ where words are extracted 
from the approval health claim. All image and 
description on product label including the catch 
phrase is evaluated by MHLW. It is mandatory 
to notify for MHLW when package design for 
FOSHU approved product may be changed. 
The message, ‘daily diet needs balance based 
on staple food, main and subsidiary dishes’ has 
now become a mandatory description on the 
product label.

A FOSHU application should be done on a 
specific products using specific functional compo-
nents. The MHLW issued guidelines for FOSHU 
using some functional components including 
indigestible oligosaccharides (OS) in 1998, in 
which scientific evidence that was necessary in 
D. PROBIOTICS
FOSHU application documents was illustrated. 
There are no guidelines for probiotics; however, 
the criteria for government approval is based 
on the guideline for OS. The working criteria of 
human trials for products with probiotics for the 
FOSHU health claim is as follows:
l Improvement of intestinal flora to show 

an increase in beneficial bacteria such 
as bifidobacteria (number and/or %) 
and decrease in harmful bacteria such as 
Clostridium perfringens (number and/or %).

l Increase of defecation frequency per week 
in subjects with mild constipation, i.e. 
frequency less than 7 days/week before 
intervention.

l Detection of probiotic strain in feces.
l No side effects on general health status in 

excess dose study on final product.
It is well accepted by the Japanese academic 

community that GI conditions in healthy humans 
are associated with a balance of intestinal micro-
flora, which influences the production of putre-
factive (e.g. ammonia, carcinogens) or beneficial 
metabolites (e.g. short-chain fatty acids) in the 
gut. This, in turn, correlates with defecation 
conditions. The key measurable indicators for 
microflora and GI conditions are the number of 
fecal bifidobacteria and Clostridium perfringens, 
and defecation frequency 116–118]. For a FOSHU 
application, the compounds related to the func-
tional benefit should be clearly described, and 
the quantity of such specific compounds should 
be measurable at a sufficient level in the product 
until the end of its shelf life. In the case of probiot-
ics, specific methods for quantification (e.g. strain 
identification procedures using specific selective 
media and/or the PCR method using specific 
DNA probes) should preferably be developed.

There are some probiotic strains with health 
benefits proven in humans commercially available 
in Japan without FOSHU’s approval. For instance, 
B. animalis spp. lactis HN019 [22–24] for immune 
boosting, L. acidophilus L-92 [32, 33] and heat-
killed L. paracasei KW3110 [119] for anti-pollen  
 AND HEALTH
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TaBLe 25.3 FOSHU claim and probiotics in Japan
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Probiotic strains in  
FOSHU products

Product example  
(Company)

Dose 
(min  109 
cfu/day)

FOSHU health claim on products (example)

Bacillus subtilis K-2 ONAKA NATTO 
(ASAHIMATSU FOOD)

3.8 (spore) This product contains Bacillus subtilis K-2 which helps in
of bifidobacteria. It helps maintenance of an excellent G
suitable for people who are concerned about their GI co

Bifidobacterium breve Yakult MIL-MIL, BIFIEL (YAKULT) 10 B. breve Yakult reaches the intestines in an active state. It
bacteria and helps regulation of the balance of intestinal
to maintenance of a good GI condition.

Bifidobacterium lactis Bb12 KOIWAI SEINYU 100% 
YOGURT (KOIWAI DAIRY)

1.0 Bifidobacteria contained in this product reaches the inte
state. It improves GI condition and keeps the intestines h

Bifidobacterium lactis FK120* NOMU DENMARK YOGURT 
(FUKUSHIMA MILK)

1.0 Bifidobacteria contained in this product reaches the inte
state. It helps growth of good bacillus and reduction of b
improves a GI condition and keeps the intestines health

Bifidobacterium lactis 
LKM512*

ONAKA NI OISHII YOGURT 
(KYODO MILK)

1.0 This product helps regulation and maintenance of a com
condition.

Bifidobacterium longum 
BB536

BIFIDUS PLAIN YOGURT 
(MORINAGA MILK)

2.0 This product contains living bifidobacteria and helps gr
bifidobacteria. It helps maintenance of a good intestinal
regulation of the GI condition.

Lactobacillus acidophilus CK92 
(L92) Lactobacillus helveticus 
CK60

CALPIS KIDS (DANONE 
JAPAN)

1.0/1.0 This product improves the GI environment and keeps th

Lactobacillus casei NY1301 PILKUL (NISSHIN YORK) 15 This helps improvement of the GI environment and kee
healthy.

Lactobacillus casei Shirota 
YIT9029

YAKULT, JOE, SOFUHL 
(YAKULT)

15 L. casei Shirota reaches the intestines in an active state. It 
number of useful bacteria in the intestines and helps reg
of intestinal microflora that lead to maintenance of a goo

Lactobacillus delbrueckii 
subsp. bulgaricus 2038  
Streptococcus salivarius 
subsp. thermophilus 1131

MEIJI BULGARIA YOGURT 
LB81 (MEIJI DAIRIES

1.0/10 This yogurt, with its Lactobacillus LB81, helps regulation
intestinal microflora and maintenance of a good GI cond

Lactobacillus gasseri SBT 
2055 Bifidobacterium longum 
SBT2928

NATURE PRO GB (NIPPON 
MILK COMMUNITY)

0.5/1.0 L. gasseri SP strain and B. longum SP strain contained in t
improve intestinal environment.

Lactobacillus johnsonii LA-1 NESTLÉ LC1 YOGURT 
(NESTLÉ JAPAN)

1.0 L. johnsonii LA-1 reaches the intestines in an active state 
intestinal wall. This decreases harmful bacteria, such as 
Clostridium perfringens, competitively in the intestines an
beneficial bacteria such as bifidobacteria. This product h
good GI condition.

Lactobacillus rhamnosus GG YOGURT ONAKA-HE GG! 
(TAKANASHI MILK)

14 This product is a yogurt drink fermented with Lactobacil
reaches one’s intestines in an active state so as to help gr
bifidobacteria and regulation of the GI condition.

*Same as B. lactis Bb12.
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allergy, L. gasseri OLL2716 (LG21) for anti-
Helicobacter pylori [120], and L. salivarius T12711 
for oral health [121]. ‘Probiotics’ itself is not rec-
ognized as a claim in Japan, and any probiotic 
product is allowed to use the term ‘probiotics’  
for product communication. However, these pro-
biotic products cannot have any health claims 
nor the health benefit communication on the 
products. The manufacturers communicate on 
their probiotic products by using the image of a 
bland or sub-bland and/or on the probiotic strain 
itself using a corporate communication frame-
work, separately from product communication. 
Probiotics used in FOSHU products may also 
have health benefits other than GI condition-
ing proven in human trials. For instance, natural 
defense (e.g. immune boosting, anti-infections/
diarrhea, anti-allergy) on B. lactis Bb12 [5–7],  
B. longum BB536 [25–27], L. casei Shirota [45–49], 
L. johnsonii LA-1 [55, 56, 61], and L. rhamnosus GG 
[77–87]. However, communication on product 
functionality is regulated by the FOSHU system, 
and only FOSHU-approved claims based on GI 
conditioning are allowed to be used.

3. HeaLTH CLaIm ReguLaTIoN 
aNd pRoBIoTICS IN CHINa

3.1. Regulatory Status in China

In 1996, the Chinese Ministry of Health (MOH)  
issued a ‘Provision for Health Foods’ to estab-
lish a registration system of foods with health 
claims on their labels. In 2005, the Chinese gov-
ernment issued a ‘Provision for Health Foods 
Registration (interim)’ with some revision of the 
system. Health Foods in China are divided into 
nutrient supplements and Foods with Health 
Claims; the latter is subdivided into 27 health 
claim categories. The claim category known 
as prevention of mutagenesis in the ‘Provision 
for Health Foods’ disappeared from the new 
D. PROBIOTICS
health claim list issued in 2005 (Table 25.4).  
The application procedure is summarized in 
Figure 25.2. To apply for Foods with Health 
Claim approval, the toxicological assessment 
test, function assessment test, functional ingre-
dients analysis test, stability test and hygienic 
test must be performed. Moreover, these tests 
should be performed in the State Food and 
Drug Administration (SFDA) designated labo-
ratories with fixed protocols. Tests required for 
efficacy assessment are also shown in Table 25.5. 
Human trials are not required in the following 
seven health claim categories: enhancing immu-
nity; sleep improvement; alleviating physical 
fatigue; increasing bone density; assisting in 
protection from irradiation hazard; protecting 
the liver against chemical injury; and enhancing 
anoxia endurance.

The SFDA in the Ministry of Health reviews 
the application for Health Foods approval.  
The Center of Disease Control (CDC) is 
appointed by the SFDA to evaluate the safety 
and efficacy of the ‘Foods with Health Claim’ 
candidates. Up to April 2009, approximately 
9,000 Health Food Claim approvals had been 
issued: among them 5,585 approvals are still 
valid (5,381 domestic products and 204 overseas 
products); the others having expired or been 
revoked. On labels of the Foods with Health 
Claims, only certain fixed phrases can be used 
to describe the functions. Not only people who 
are able to eat the food, but also those who may 
not be able to eat the food must be specified on 
the label.

In the development of probiotics foods, 
another Chinese regulation is usually involved—
the ‘Regulation for Novel Food,’ which became 
effective in December 2007. According to this 
regulation, the following materials must obtain 
the approval as a Novel Food from the MOH 
before being used even as an ordinary food. 
These materials include ingredients derived 
from animals, plants and microorganisms 
(e.g. probiotic strain). To apply for approval 
 AND HEALTH
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TaBLe 25.4 Health Food Categories in China

of appropriate 
mers

pt for junior and children

pt for junior and children

pt for junior and children

pt for junior and children

pt for junior and children

pt for junior and children

pt for children

pt for children
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Health Food Categories (in English) Health Food Cate(in Chinese) Animal 
test 
required

Human 
test 
required

Age 
custo

 1 Enhancing Immunity Yes No All

 2 Antioxidative Yes Yes Exce

 3 Memory Improvement Yes Yes All

 4 Alleviating Physical Fatigue Yes No Exce

 5 Weight Control Yes Yes All

 6 Promoting Child Growth Yes Yes All

 7 Enhancing Anoxia Endurance Yes No All

 8 Assisting Irradiation Hazard Protection Yes No All

 9 Assisting Blood Lipids Reduction Yes Yes Exce

10 Assisting Blood Sugar Reduction Yes Yes Exce

11 Sleep Improvement Yes No Exce

12 Alleviating Nutritional Anemia Yes Yes All

13 Protecting Liver Against Chemical Injury Yes No All

14 Facilitating Milk Secretion Yes Yes All

15 Alleviating Eye Fatigue No Yes All

16 Enhancing Lead Excretion Yes Yes All

17 Clearing Throat Yes Yes All

18 Assisting Blood Pressure Reduction Yes Yes Exce

19 Increasing Bone Density Yes No All

20 Regulating Gastrointestinal Tract Flora Yes Yes All

21 Facilitating Digestion Yes Yes All

22 Facilitating Defecation Yes Yes All

23 Assisting the Protection of Gastric Mucosa Yes Yes All

24 Eliminating Acne No Yes Exce

25 Eliminating Skin Chloasma No Yes Exce

26 Improving Skin Water Content No Yes All

27 Improving Skin Oil Content No Yes All
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FIguRe 25.2 Health food application procedure in China. *In case of imported products, apply to central SFDA 
(Beijing) instead of local SFDA. Imported products have to be on market in original country for more than 1 year, and 
inspecting of the production site is not routine.

Product test

Document

submission

Health food approval
Meet

requirements

Product retest

Technical review
Health food evaluation center
Provide a technical review conclusion

Local SFDA *
Inspect the production site *
Draw samples for retests
Inspect the test site
Provide an inspection review conclusion

Designated test site

Retest according to product standard

Administrative review
SFDA
Provide a review decision

Test site designated by SFDA
Conduct tests

Toxicological assessment test
Functional assessment test
Functional ingredients analysis test
Stability test
Hygienic test
Provide test reports
of a Novel Food, the following documents are 
necessary:

l the product development and safety test 
report;

l the analysis report of nutrients;
l a list of functional ingredients and toxic or 

harmful ingredients;
l a brief introduction of the production 

protocol and production flow-chart;
l the standards of product quality, information 

and scientific publications on the efficacy, 
application and safety of the product, label 
and leaflet; and
D. PROBIOTICS
l other supporting materials and unopened 
samples of a product or 30 grams of the raw 
material.

If the product is made overseas, it is necess-
ary to prove that the manufacturer has obtained 
production permission from the foreign gov-
ernment or the related material is traditionally 
consumed as a food in the country where the 
product is manufactured.

The MOH held a series of meetings in 2009, 
to discuss whether to issue a list of probiotics 
for infant foods and which probiotics should 
be on the list. Some parties proposed to clearly 
 AND HEALTH
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TaBLe 25.5 Probiotics for Health Food, Infant Use and Novel Food in China

Species Strains Notes

Health Food Bifidobacterium bifidum – –

Bifidobacterium infantis – –

Bifidobacterium longum – –

Bifidobacterium breve – –

Bifidobacterium adolescentis – –

Lactobacillus delbrueckii subsp. bulgaricus – –

Lactobacillus acidophilus – –

Lactobacillus casei subsp. casei – –

Streptococcus thermophilus – –

Lactobacillus reuteri – –

Infant Use* Lactobacillus acidophilus NCFM/SD5221 Only for children above 1 year old

Bifidobacterium animalis Bb12 –

Bifidobacterium lactis HN019 –

Bifidobacterium lactis Bi-07 –

Bifidobacterium longum BB536 –

Lactobacillus rhamnosus LGG –

Lactobacillus rhamnosus HN001 –

Lactobacillus paracasei CNCM-2116 –

Streptococcus thermophilus TH4 –

Novel Food Lactobacillus rhamnosus LGG/ATCC 53103 –

Bifidobacterium animalis Bb12 (PP011) –

Bifidobacterium lactis HOWARU Bifido/
HN019

–

Bifidobacterium lactis Bi-07/SD5220 –

Lactobacillus acidophilus NCFM/SD5221 Under test production, not finally 
approved yet

Lactobacillus rhamnosus HOWARU  
Rhamnosus/HN001

–

Bifidobacterium animalis BE80 Under test production, not finally 
approved yet

Lactobacillus acidophilus DSM13241 Not for children under 3 years old

Lactobacillus paracasei GM080 Not for children under 3 years old

Lactobacillus paracasei GMNL-33 Not for children under 3 years old

Lactobacillus acidophilus R0052 –

Lactobacillus rhamnosus R0011 –

Lactobacillus plantarum 299v Not for children under 3 years old

Lactobacillus plantarum CGMCC1258 –

*This list is under discussion.
D. PROBIOTICS AND HEALTH
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define which probiotic strains (not only to the 
species level, as it is now) should be put on the 
list, while others argued that such rules would 
restrict the development of local enterprises 
which still had little R&D experience, if any. A 
list of probiotics for infant use proposed by the 
SFDA is summarized in Table 25.5. In December 
2007, the ‘Regulation for Novel Food’ replaced 
the former regulation, the ‘Novel Food Hygiene 
Regulation’ issued in 1990. Some probiotic prod-
ucts described as ‘under test production’ in Table 
25.5 still exist in the market, because the old 
Novel Food law allowed the commercialization 
of products prepared by test production as Novel 
Food ‘Candidates’ for 2 years. However, these 
would disappear soon, according to the new law 
prohibiting the launch of any novel food before 
full official approval has been received.

3.2. probiotics and Health Claims  
in China

In 2005, the ‘Regulatory for Probiotic Health 
Food Application and Examination (interim)’ 
was issued for probiotics. Ten probiotics species, 
Bifidobacterium bifidum, B. infantis, B. longum, 
B. breve, B. adolescentis, Lactobacillus delbrueckii 
subsp. bulgaricus, L. acidophilus, L. casei subsp. 
casei, Streptococcus thermophilus, and L. reuteri, 
have been permitted for use in the manufacture 
of Foods with Health Claims as probiotic raw 
materials. Products made from species other 
than these 10 may also obtain the approval pro-
vided that the species (strain) itself passes the 
examination by the SFDA. Probiotic food manu-
facturers usually develop a new product with a 
new probiotic strain, and as a new strain, it must 
undergo Novel Food examination in China. For 
example, in September 2008, the SFDA issued 
an approval for a probiotic strain—L. acidophilus  
R0052—as a Novel Food even though L. acido-
philus is listed in the 10 probiotic species in the 
‘Regulatory for Probiotic Health Foods Appli-
cation and Examination (interim).’ Although  
most of the probiotics’ manufacturers emphasize  
D. PROBIOTICS
that their products are probiotic, the concept of 
probiotics itself is not recognized as a claim cate-
gory in the Chinese Foods with Health Claim 
regulatory system. It is not necessary to publish 
in academic journals the data obtained from the 
required tests but the parameters and assays  
to be performed are fixed. To apply for a health 
claim on a probiotic product, the following infor-
mation is required:

 1. species name of the probiotics, the strain 
number, Latin nomenclature;

 2. culture conditions (culture media, culture 
temperature);

 3. origin of the strain, and evidences proving 
the safety of the strain;

 4. strain identification report from the SFDA 
appointed institutions, Microbiology 
Institute, Scientific Academy Sinica;

 5. safety test report;
 6. storage instruction of the strain;
 7. mutant genesis protocol;
 8. if the probiotics product is the non-

reproducing form of probiotics and/or 
the metabolite of probiotics, the name and 
related detection method of the functional 
factor or specific ingredient;

 9. standards and technique assurance used in 
the manufacturing of the probiotics;

10. GMP certificate of the manufacturer.

Imported products must have been marketed 
in the original country for more than a year 
before application can be made to the SFDA. 
During the guarantee period of a probiotic 
product, the minimal viable quantity of probiot-
ics should be above 106 cfu/mL (g). An example 
of a product package is shown in Figure 25.3. 
On the package, the health claim, name and 
number of strains, approval number, and seal of 
Foods with Health Claim are shown.

Until recently, 40 products using 12 probiotic 
species were approved under ‘regulating gas-
trointestinal tract flora’, ‘enhancing immunity’, 
‘enhancing digestion’, ‘facilitating defecation’, 
and ‘improving skin moisture content’ claim 
 AND HEALTH
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Introduction to
component and

health claim

Amount (cfu) of component
related to functionality

SFDA
approval

as
health
food

Health
claims**

Probiotic
strains*

Seal for health food
Approval number

* Probiotic strains: Lactobacillus acidophilus, Bifidobacterium longum, Bifidobacterium bifidum
**Health claims: ‘improvement of gastrointestinal (GI) conditions’, and ‘enhance digestion’

FIguRe 25.3 Package sample of health food in China. *Probiotic strains: Lactobacillus acidophilus, Bifidobacterium longum, 
Bifidobacterium bifidum; **Health claims: ‘improvement of gastrointestinal (GI) conditions,’ and ‘enhance digestion’.
categories (Table 25.6). Several of the approved 
Food with Health Claims exist in the category 
of ‘enhancing immunity.’ In the case of apply-
ing for a Foods with Health Claim approval 
in this category, only animal experiments are 
necessary for the efficacy tests. As shown in 
Table 25.7, there are mainly four experiments 
to assess immunity in experiment animals; cel-
lular immunity, humoral immunity, monocyte- 
macrophage activity, and natural killer cell 
activity. In an experiment assessing the immu-
nity, three test groups at different doses and a 
negative control group are necessary; sometimes 
a positive control group is also needed. In the 
four categories, if assays in two or more catego-
ries show positive results, the food under exami-
nation can be regarded as effective in enhancing 
immunity. The result of a test on cellular immu-
nity is graded as positive when both a Con A 
induced mouse splenic lymphocyte transfor-
mation test and a DTH test are positive, or two 
dose groups in one of these tests give positive 
results. The result of tests on humoral immunity 
D. PROBIOTICS 
is graded as positive when both an antibody 
forming cell assay and serum hemolysin assay 
are positive or two dose groups in one of these 
tests give positive results. The result of tests 
on monocyte-macrophage activity is graded as 
positive when both carbon clearance assay and 
phagocytosis of murine macrophage show posi-
tive results, or two dose groups in one of these 
tests give positive results. The result of tests on 
NK killer activity is graded as positive when at 
least one dose group in either an LDH assay or 
3H-TdR assay shows a positive result.

4. ReguLaToRy STaTuS oF 
HeaLTH CLaIm aNd  

pRoBIoTICS IN BRazIL

4.1. Regulatory Status in Brazil

ANVISA (National Health Surveillance 
Agency) established a systematic procedure for 
AND HEALTH
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evaluating and approving functional and/or 
health claims [122–125]. Resolução No 16 (1999) 
approves the ‘Technical regulation on procedures 
for registration of foods and/or new ingredients.’ 
Resolução No 17 (1999) approves the ‘Technical 
regulation establishing the basic guidelines for 
evaluation of risk and safety of foods.’ Resolução 
No 18 (1999) approves the ‘Technical regulation 
establishing the basic guidelines for analysis and 
proof of functional and/or health claims on food 
labels’, and Resolução No 19 (1999) approves 
the ‘Technical regulation on procedures for reg-
istration of foods with functional and/or health 
claims on their labels’. In Brazil, functional foods 
have not been defined as a category in the leg-
islation. But functional and health claims are 
defined as, respectively: ‘it is related to the meta-
bolic or physiological role that the nutrient or 
non-nutrient plays in the growth, development, 
maintenance’ and ‘other normal functions of the 
human organism and states, suggests or implies 
the existence of a connection between the food 
or ingredient with a disease or condition related 
to health’ [124]. It is forbidden to make any type 
of statement (e.g., labeling and advertising) 
indicating that a food can cure, treat or prevent 
any disease. The use of disease risk reduction 
claims may only be allowed when scientifically 
substantiated.

Legislation essentially requires a scientific 
demonstration of the safety and efficacy of 
novel foods (foods and ingredients with no his-
tory of use in the Brazilian diet or used at levels 
not normally consumed by the Brazilian popu-
lation) and foods/ingredients bearing a func-
tional or health claim on the label. All of these 
products should be evaluated and registered 
by the health authorities. Safety demonstra-
tion is a priority and should be based on risk 
analysis, including risk assessment, manage-
ment and information. Efficacy concerning the 
claims should be based on scientific evidence 
obtained from the scientific literature or by 
new research and must represent scientific con-
sensus, as has been discussed by the US Food 
D. PROBIOTICS
and Drug Administration and international 
organizations such as International Life Science 
Institutes (ILSI) in several forums and in the 
Codex Alimentarius [126]. In order to provide 
scientific support to evaluate the safety and 
efficacy of new ingredients/foods and claims, 
ANVISA has appointed a Technical Scientific 
Advisory Commission on Functional Foods 
and Novel Foods (CTCAF) composed of profes-
sors and researchers coming from universities 
and research centers, based on their expertise 
in food science, nutrition and toxicology. In 
ANVISA’s website2 there is a list of all the ingre-
dients, functional and health claims currently 
authorized to be used in the Brazilian market.  
It ranges from fatty acids (omega 3: EPA and 
DHA), carotenoids (lycopene, luteine, zeaxan-
tin), dietary fibers (dextrin resistant, partially 
hydrolyzed guar gum, beta-glucan polydex-
trose, inulin, psiillium (psyllium), and quitosane 
(chitosan)), fructo-oligosaccharides (FOS), lactu-
lose, phytosterols, polyols (mannitol, xylitol and 
sorbitol), probiotics and soy proteins.

Table 25.8 provides a list of claims approved 
by ANVISA for these functional ingredients 
(latest update as of July 2008). For additional 
detailed information such as the minimal amount 
required for functional ingredients to make the 
functional or health claim, warning phrases 
and latest updates, the reader should consult 
ANVISA’s website. In 2002, in view of the need to 
clarify the differences between functional foods 
and bioactive compounds (‘nutraceuticals’), 
the latter usually sold in pharmaceutical forms, 
containing mostly herbs and other botanicals, a 
new regulation was added to the already exist-
ing regulatory framework, covering at this time 
‘isolated bioactive substances and probiotics with 
health or functional claims’ [127]. Resolução No 2  
(2002) defines bioactive substance as ‘nutrients 
and non-nutrients having a specific metabolic 
or physiologic activity’ [128]. These substances 

2http://anvisa.gov.br.
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TaBLe 25.7 Functional assessment tests required for probiotics health food claim application in China

Functional Claims Designated test

Animal test† Human test

Test Name Criteria Test Name Criteria

Regulating 
Gastrointestinal 
Tract Flora

Body weight (BW), bacteria in 
mouse feces:

Bifidobacteria and/or 
lactobacilli

Clostridium perfringens

Enterobacteria and 
enterococcus

Number of bifidobacteria and/or 
lactobacilli significantly increased, 
number of C. perfringens decreased or 
didn’t change significantly, number of 
enterobacteria and enterococcus didn’t 
change significantly or increased 
significantly but less than that of 
bifidobacterias and lactobacillis.

Body weight (BW), 
bacteria in feces:

Bifidobacteria and/
or lactobacilli

Clostridium 
perfringens

Enterobacteria and 
enterococcus

Number 
and/or la
increased
C. perfrin
didn’t ch
number o
enterococ
significan
significan
bifidobac

Enhancing 
Immunity

Body weight (BW): Weight of 
thymus gland/BW, weight of 
spleen/BW

Cellular immunity: Con 
A induced mouse splenic 
lymphocyte transformation; 
(MTT assay or isotope labelling 
precursor incorporation assay); 
Delayed type hypersensitivity 
in mouse; (DNFB induced 
mouse DTH assay or SRBC 
induced mouse DTH assay)

Humoral immunity: Antibody 
forming cell assay (also called 
plaque forming cell assay) 
using sheep erythrocyte and 
mouse splenocyte; Serum 
hemolysin assay using sheep 
erythrocyte and mouse 
splenocyte; (Hemagglutination 
assay or HC50 assay)

Monocyte-macrophage 
activity: Mouse carbon 
clearance assay; phagocytosis 
of murine macrophage; (slide-
glass assay or in situ assay)

In the four categories, if assays in two or 
more than two categories show positive 
results, the food under examination can 
be regarded as effective in enhancing 
immunity. Result of test at cellular 
immunity category is graded as positive 
when both Con A induced mouse 
splenic lymphocyte transformation 
test and DTH test are positive or two 
dosage groups in one of these tests 
get positive results. Result of tests at 
humoral immunity category is graded 
as positive when both antibody forming 
cell assay and serum hemolysin assay 
are positive or two dosage groups in 
one of these tests get positive results. 
Result of tests at monocyte-macrophage 
activity category is graded as positive 
when both carbon clearance assay and 
phagocytosis of murine macrophage 
show positive results or two dosage 
groups in one of these tests get positive 
results. Result of tests at NK killer 
activity category is graded as positive 
when at least one dosage group in either 
LDH assay or 3H-TdR assay shows 
positive result.

Not required Not requ
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s: Frequency; 
el movement 
culty score; 
tol feces score

Defecation frequency 
significantly increased or 
bowel movement difficulty 
score and Bristol feces score 
significantly decreased

F
D

ldren: Appetite, 
 intake, 

y weight, 
oglobulin

Children: If anyone of 
the four categories shows 
positive result, the food under 
examination can be regarded 
as effective

lts: Clinical 
ptom scores, 
ach, intestinal 
ement

Adults: If the clinical symptom 
scores are significantly 
improved and stomach, 
intestinal movement test 
is positive, the food under 
examination can be regarded 
as effective

Im
M

head skin 
sture assay

If forehead skin moisture assay 
shows significant improvement, 
the food under examination can 
be regarded as effective

†In t) or ten (mouse) times as high as the recommended 
do ed.
Mouse NK killer activity 
assay: LDH assay or 3H-TdR 
assay

acilitating 
efecation

Mouse intestinal movement 
test; defecation time; number 
of feces pellets; feces weight

The examination result is judged as 
positive in either of the following 
situations: (1) Either intestinal 
movement test or defecation time 
shows positive result; (2) either pellet 
number or feces weight shows positive 
result.

Fece
bow
diffi
Bris

acilitating 
igestion

Weight, food intake, food 
availability in rat, intestinal 
movement test in mouse, 
enzyme assay in rat

The examination result is judged 
as positive when two of the three 
categories are positive: (1) Weight, food 
intake, food availability; (2) intestinal 
movement; (3) enzyme assay.

Chi
food
bod
hem

Adu
sym
stom
mov

proving Skin 
oisture Content

Not required Not required Fore
moi

 an efficacy test, three test groups of different doses (the bodyweight-adjusted dose in one group is five (ra
se for humans) and a negative control group are necessary, sometimes a positive control group is also need
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TaBLe 25.8 List of approved functional and health claims in Brazil

Functional ingredients Functional or health claim

Dextrin resistant (dietary fiber)
Guar gum partially hydrolyzed (dietary fiber)
Dietary fibers
Polydextrose (dietary fiber)

The dietary fiber helps the intestines to function normally. Its 
consumption should be associated with a balanced diet and healthy 
lifestyle.

Lactulose The lactulose helps the intestines to function. Its consumption should be 
associated with a balanced diet and healthy lifestyle.

Omega-3 fatty acids (EPA; DHA) The consumption of omega-3 fatty acids helps maintain healthy levels 
of triglycerides, provided it is associated with a balanced diet and 
healthy lifestyle.

Lycopene
Lutein
Zeaxantin

Lycopene (lutein, zeaxantin) has antioxidant properties that protect 
cells against free radicals. Its consumption should be associated with a 
balanced diet and healthy lifestyle.

Phytosterols Phytosterols help to reduce the absorption of cholesterol. Its 
consumption should be associated with a balanced diet and healthy 
lifestyle.

Beta-glucan Beta-glucan (dietary fiber) helps to reduce the absorption of cholesterol. 
Its consumption should be associated with a balanced diet and healthy 
lifestyle.

Inulin
Fructo-oligosaccharides (FOS)

Inulin (FOS) helps to maintain a balanced intestinal flora. Its 
consumption should be associated with a balanced diet and healthy 
lifestyle.

Psillium (psyllium) Psillium (dietary fiber) helps to reduce the absorption of fat. Its 
consumption should be associated with a balanced diet and healthy 
lifestyle.

Quitosane (chitosan) Quitosane helps to reduce the absorption of fat and cholesterol. Its 
consumption should be associated with a balanced diet and healthy 
lifestyle.

Mannitol
Xylitol
Sorbitol

Mannitol (xylitol, sorbitol) does not form acids that damage the teeth. 
The consumption of the product does not replace adequate dietary and 
mouth hygiene habits (this claim is approved only for chewing gum 
without sugar).

Lactobacillus acidophilus
Lactobacillus casei shirota
Lactobacillus casei subsp. rhamnosus
Lactobacillus casei subsp. defensis
Lactobacillus paracasei
Lactococcus lactis
Bifidobacterium bifidum
Bifidobacterium animalis (including subsp. B. 
lactis)
Bifidobacterium longum
Enterococcus faecium

The (probiotic) helps to maintain a balanced intestinal flora. Its 
consumption should be associated with a balanced diet and healthy 
lifestyle.

Soy protein The daily consumption of at least 25 g of soy protein may help to reduce 
cholesterol. Its consumption should be associated with a balanced diet 
and healthy lifestyle.
D. PROBIOTICS AND HEALTH
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are classified in seven different chemical groups: 
carotenoids, phytosterols, flavonoids, phospholi-
pids, organosulfur compounds, polyphenols, and 
probiotics. These bioactive substances should be 
available in solid forms, semi-solid or liquids, 
such as tablets, pills, drugs, powders, capsules, 
granules, solutions and suspensions. They were 
included in this regulation because they are avail-
able to the consumer in non-food forms [127]. 
The approval process is the same as for functional 
foods; i.e., it is necessary to get approval from 
ANVISA before making the product available to 
the market. Bioactive substances and probiotics 
must carry a functional or health claim in their 
labeling package.

4.2. probiotics and Health Claims  
in Brazil

At the time of writing, ANVISA has approved 
10 microorganisms with probiotic functions 
(Table 25.8). There is no differentiation of claims 
among the different probiotics. The only health 
claim allowed to be used for label declaration 
and communication is: ‘The (probiotic) helps to 
maintain a balanced intestinal flora. Its consumption 
should be associated with a balanced diet and healthy 
life style.’ In addition, the following information 
should be provided by the manufacturer:

l The minimal viable quantity of probiotics 
should be between 108 to 109 cfu as described 
in the recommended daily consumption. 
Lower values can be accepted once scientific 
data demonstrate its efficacy.

l An analytical result should be provided 
demonstrating the cells’ viability at the end 
of its shelf life.

l Scientific proof should demonstrate the 
resistance of the probiotic to the gastric acid 
and the bile salts.

l The quantity of probiotics in cfu, as described 
in the recommended daily portion ready to eat, 
should be declared near the health claim.
D. PROBIOTICS
Every new ingredient and functional or 
health claim needs to be approved by ANVISA 
in Brazil. Even functional and/or health claims 
already assessed by ANVISA need prior 
approval, once they are evaluated on a case- 
by-case basis, taking into account food compo-
sition, target population, efficacy on the specific 
food matrix, public health policies, etc. For each 
product, a specific and conclusive scientific dos-
sier is necessary to support the use of the ingre-
dient (safety) and claim (efficacy). The claims 
may mention general maintenance of health, 
the physiological role of the nutrients and the 
reduction of risk of diseases. Health claims that 
mention cures or prevention of diseases are not 
allowed.

The procedure for registration of foods and/
or new ingredients is detailed in Resolução 
No 16 and should contain the following docu-
mentation presented in the ‘Technical Scientific 
Report’: name of the product, purpose of use, 
recommended intake indicated by the manufac-
turer, scientific description of the ingredients of 
the product according to the species of botani-
cal, animal or mineral origin (when appropri-
ate); the chemical composition with molecular 
characterization (when appropriate); and/or 
formulation of the product, description of the 
analytical methodology for evaluation of the 
food or ingredient that is the object of the peti-
tion; applicable scientific evidences, as appro-
priate, to prove safety of use; nutritional and/or 
physiological and/or toxicological assays in 
experimentation animals, biochemical assays, 
epidemiological studies, clinical assays, evi-
dence of traditional use, observed in the popula-
tion, without damage to health, broad evidences 
from scientific literature, international health 
organizations and internationally recognized 
legislation on the characteristics of the food or 
ingredient [122].

Resolução No 18 provides the basic guide-
lines for applicants who are interested in using 
functional and/or health claims displayed on 
the labels of products to be sold to consumers. 
 AND HEALTH
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The applicant should provide the following 
information in the Technical Scientific report:

l recommended intake;
l chemical composition with molecular 

characterization (when appropriate) and/or 
formulation of the product;

l biochemical assays;
l nutritional and/or physiological and/or 

toxicological assays in experimentation 
animals;

l epidemiological studies;
l clinical assays;
l general evidence from scientific literature, 

international health organizations and 
internationally recognized legislation on the 
characteristics of the food or ingredient;

l evidence of traditional use, observed in 
the population, without damage to human 
health and documented information on 
approval of use of the food or ingredient 
in other countries, economic blocks, Codex 
Alimentarius and other internationally 
recognized organizations [124].

5. FuNCTIoNaL Food aNd 
HeaLTH CLaImS IN euRope

The term ‘Functional Food’ is not defined 
in Europe but is generally understood as ‘food 
with a health claim.’ Although the food and diet 
culture in Europe may be regarded as more con-
servative than in Asia, the relationship between 
nutrition and health has gained increasing public 
acceptance over the last decade. Consumers have 
become more and more health conscious and 
industry wishes to take advantage of the evolution 
in science and invest in innovation in this area.

Consequently, it is the use of health claims, not 
the use of functional foods, which is regulated 
in the EU. Since the early 1990s, the European 
Commission, the central institution of the EU 
political system, has had preliminary discussions 
D. PROBIOTICS
towards securing a future claims regulatory sys-
tem. It was, however, not until 2003 that an official 
draft was presented to the European Parliament 
and the Member States. Divergent views and 
lengthy debates, in particular on the level of sci-
entific substantiation, data protection, and last but 
not least, the introduction of nutrient profiles as a 
condition for making nutrition and health claims, 
delayed the final adoption of this Regulation until 
late in 2006.

Before the adoption of the EU Regulation 
in 2006, there was a legal void with regard to 
health claims. The EU framework labeling leg-
islation prohibited ‘attributing to any foodstuff 
the property of preventing, treating or curing a 
human disease or referring to such properties’ 
[129]. This was interpreted differently in each of 
the then 15 EU Member States. Therefore, it may 
have occurred that a claim, which was permit-
ted in one country, may have been prohibited in 
another and vice versa [130].

The most difficult type of claim to regulate 
was the Disease Risk Reduction Claim. This 
was often regarded as a medicinal claim and 
therefore prohibited. It was included in the final 
Regulation subject to an individual application. 
There was a greater acceptance of so-called func-
tional claims, although the term was not used as 
such, and many national lists were established 
with guidelines for the use of nutrition claims 
following Codex rules.

In the absence of a specific European leg-
islation on health claims, the food industry 
became a stakeholder in self-regulatory initia-
tives in Sweden and in a number of EU coun-
tries in the 1990s, including the UK, France, 
Belgium, Netherlands, Spain, and Finland. It 
was observed that there was an ‘underlying con-
sistency of approach, but analysis shows that 
differences were sometimes minor but some-
times major’ [131]. These innovative initiatives 
were introduced to facilitate the use of health 
claims. They included the adoption of guidelines 
and Codes of Practice in various Member States 
of the EU and of one industry-led European 
 AND HEALTH
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Code of Practice by CIAA (European Food and 
Drink Association). In most of these countries, 
a partnership of industry experts, enforcement 
authorities and consumer representatives devel-
oped the rules for the scientific substantiation, 
communication and presentation of health 
claims to the scientific community and govern-
ment authorities. The most prominent examples 
of these European self-regulatory systems are 
the Swedish Self Regulation Code and the UK 
Joint Health Claims Initiative.

5.1. Self-regulatory Initiatives in  
europe

The Swedish Food Sector’s Code of  
Practice

In Sweden, the use of health claims within 
the scope of the Food Sector’s Code of Practice–
Health Claims in the Labeling and Marketing 
of Food Products has been possible since 1990. 
Since its introduction, the Code, which was 
established in close contact with the competent 
authorities, has been revised three times, and 
the last version of the Code was launched in 
September 2004. Principals of the Code were the 
Swedish Food Federation and the Swedish Food 
Retailers Federation. The Swedish Nutrition 
Federation was the coordinating and advisory 
body within the Code. The Code consisted of 
five parts: rules, expert advice, follow-up, eval-
uation, and information.

Under the Swedish Health Claims Code, two 
probiotic claims were considered, a Fruit Drink 
with Lactobacillus plantarum 299v in 2003, and a 
milk-based drink containing L. rhamnosus GG,  
L. rhamnosus Lc-705, P. freudenreichii ssp.  
shermani JS, Bifidobacterium strain in 2007.

The Swedish Code has gradually ceased to 
exist in its present form. However, during the 
implementation of the EU Nutrition and Health 
Claims Regulation, parts of the Code were used 
as guidelines on how to apply health claims in a 
responsible manner on a national level.
D. PROBIOTICS
Joint Health Claims Initiative (UK)

The Joint Health Claims Initiative (JHCI) was 
established in 1997 as a joint venture between 
consumer organizations, enforcement authori-
ties and industry bodies to adopt a Code of 
Practice for the use of health claims. The initia-
tive aimed at creating a level playing field for 
industry and control bodies, and to increase 
consumer protection by evaluating the science 
behind generic and innovative health claims.

The JHCI Code of Practice defined source and 
nature of scientific evidence requesting a sys-
tematic review of all available scientific evidence 
relating to the validity of the claim (Article 8.4.1). 
Once evaluated by the JHCI Expert Committee, 
the proposed claim was submitted to the JHCI 
Council for approval. The JHCI Directors and 
Council agreed in 2007 that the new EU ‘Health 
Claims’ Regulation for foods was about to sup-
plant this area of activity (JHCI Press Release 
22.3.2007). JHCI has not approved any probiotic 
claims.

5.2. eu Regulation on Nutrition and 
Health Claims (NHC) in Foodstuffs

The EU Regulation on nutrition and health 
made on foods (Regulation (EC) 1924/2006) 
lays down harmonized rules for the use of 
nutrition claims (such as ‘low fat,’ ‘high fiber’) 
and health claims (e.g. ‘helps lower cholesterol’) 
on foodstuffs based on nutrient profiles, which 
are to be defined at a later stage. The Health 
Claims Regulation will ensure that any claim 
made on a food label in the EU is clear, accurate 
and substantiated. In doing so, it will enable 
consumers to make informed and meaning-
ful choices when it comes to food and drinks. 
This should also contribute to a higher level of 
health protection, as it ties in with the European 
Commission’s campaign for healthier lifestyle 
choices by allowing consumers to know exactly 
what they are consuming.
 AND HEALTH
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TaBLe 25.9 Classification of EU claims on foods

   Nutrition claims Health claims

Annex Article 13.1 Article 13.5 Article 14

l Nutrient content
l  Comparative
l  ‘Other substance’

Based on generally 
accepted scientific 
evidence

Based on newly developed 
scientific data/intellectual 
property right protection

Reduction of disease risk and 
claims referring to children’s 
development and health
5.3. Health Claims under the eu 
Regulation

Permitted Claims

The European Regulation defines four cat-
egories of health claims and their authorization 
(Table 25.9): Individual authorization is needed 
for health claims that fall under Article 14 of the 
Regulation, i.e.:

l Health claims referring to the reduction 
of disease risk (meaning any health claim 
that states, suggests or implies that the 
consumption of a food category, a food or one 
of its constituents significantly reduces a risk 
factor in the development of human disease).

l Health claims referring to children’s 
development and health.

Applications for authorization are subject to 
scientific evaluation by EFSA, prior to their inclu-
sion in a Community list of permitted claims.

Health claims that fall under Article 13.1 of 
the Regulation (other than those referring to 
the reduction of a disease risk and to children’s 
development and health) are generally accepted 
and well understood, i.e. health claims describing 
or referring to:

l the role of a nutrient or other substance in 
growth, development and the functions of 
the body;

l psychological and behavioral functions; or
l slimming or weight control.
D. PROBIOTICS
These have to be included in the European 
Community list of permitted claims (available 
from 2010). The EFSA was (at the time of writ-
ing) evaluating the several thousand diet–health 
relationships submitted by Member States, and 
often prepared by EU industry associations or 
individual companies. This includes diet–health 
relationships of probiotics.

An individual application has to be filed 
for health claims (other than those referring to 
the reduction of disease risk and to children’s 
development and health) that have not been 
included in the Community list of permitted 
claims (Article 13.5), which are based on newly 
developed scientific evidence, and/or which 
include a request for the protection of proprie-
tary data.

Conditions for Making Claims

The Regulation contains other challenging 
provisions and interpretations: the introduc-
tion of Nutrient Profiles, in 2009, as a condition 
for making a claim has led to much debate and 
polemic about the role of food products in a  
balanced diet. The decision to classify simple 
‘contains’ claims, such as ‘contains probiotic’ as 
a health, not a nutrition or ingredient claim, will 
severely limit manufacturers’ ability to make 
claims on the benefits of probiotics because 
of the additional conditions which have to be  
fulfilled [133].
 AND HEALTH
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When making health claims the following 
labeling obligations apply:

l A statement on the label indicating the 
importance of a varied and balanced diet and 
a healthy lifestyle.

l The quantity of the food and pattern of 
consumption required to obtain the claimed 
beneficial effect.

l Where appropriate, a statement addressed to 
those persons who should avoid consuming 
the food.

l Where appropriate, a warning statement.

5.4. Scientific Substantiation in  
europe

The EU NHC Regulation is silent on specific 
rules for the substantiation of well-established 
and well-understood health claims (known as 
‘Article 13.1 claims’). On the other hand, the 
technical rules for the preparation of an applica-
tion for other health claims (known as ‘Article 
13.5’ or ‘Article 14 claims’) are well documented 
[134–136].

In the EU system, scientific substantiation 
must include all scientific data, published and 
unpublished, in favor and not in favor together 
with a comprehensive review of the data from 
human studies to demonstrate that the claim is 
substantiated. The totality of the scientific data 
must be taken into account and by weighing the 
evidence shall demonstrate:

l how the claimed benefit is beneficial for 
human health;

l cause and effect relationship;
l quantity of food and pattern of consumption 

required;
l specific study group in which evidence was 

obtained.

Foods or food constituents have to be fully 
characterized to enable the EFSA to evaluate the 
relevance of the submitted studies.
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The organization of pertinent data must fol-
low the order: human data classified according 
to hierarchy of study design (human interven-
tion studies, human observational studies, other 
human studies), non-human data (animal,  
ex vivo or in vitro). Data from studies in humans 
addressing the relationship between con-
sumption of the food and the claimed effect is 
required for substantiation of a health claim. 
This must include a comprehensive review of 
the data. The framework of the health claims 
Regulation does not foresee a safety evaluation 
of the food nor a decision whether the food is 
classified legally as a foodstuff.

5.5. The List of Health Claims  
in article 13.1

As stated previously, it was the task of  
the EFSA to evaluate the several thousand 
diet–health relationships that the 27 Member 
States of the EU had submitted to the European 
Commission based, in the main, on a list pre-
pared by EU industry associations and screened 
by nutrition scientists. In January 2009, the EFSA 
published the list of health claims received from 
the European Commission for assessment.  
In total, the EFSA has received 4,185 main 
health claim entries, taking into account the 
conditions of use and references available for 
around 10,000 similar health claims. Each entry 
comprises of a food component, a health rela-
tionship and an example of wording.

It had been widely understood among indus-
try that the EFSA should approach scientific 
substantiation on Article 13 claims in a differ-
ent way to its approach to Articles 14 and 13.5. 
However, it would now appear that the same 
EFSA process of evaluation, in particular with 
regard to the requirement of human interven-
tion studies, will be applied to Article 13.1 
generic claims. It was very unlikely that the 
list of permitted health claims would be avail-
able in January 2010, foreseen in legislation due 
 AND HEALTH
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to the sheer quantity of claims submitted to the 
authorities and the complexity of the task.3

5.6. probiotic Claims in europe

The 27 EU member governments submit-
ted the claims to the central scientific body 
EFSA based on a list prepared by EU industry
 associations and food and food supplement 
companies, including, in total, 268 proposed 
diet–health relationships involving probiotics 
after pre-screening for potential inclusion in 
the list of permitted claims. The most common 
benefit areas for probiotics are digestive health, 
intestinal flora, gut health, digestive system and 
immune system, but final evaluation of all pro-
biotic strains and official authorization are still 
outstanding.

6. dISCuSSIoN

The health benefits of foods can now be scien-
tifically proven, and the functional food market 
is expanding throughout the world. In response 
to this movement, authorities have implemented 
approval procedures to allow communication 
of the health advantages of some foods, if the  
benefit is scientifically substantiated, to allow 
consumers to maximize the health benefit 
through the consumption of such functional 
foods. At the same time, authorities need to 
regulate claims, so as not to mislead consumers, 
and ensure a level playing field among opera-
tors. The Health Claim Regulation systems, 
FOSHU in Japan and Health Food in China, 
were launched in 1991 and 1996, respectively. 
The EU launched their health claim system in 
2007, and full implementation of the system was 

3http://www.efsa.europa.eu/EFSA/efsa_locale-
1178620753812_article13.htm.
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targeted for completion in 2010. Brazil is one of 
the countries where health claims on food are 
most strictly regulated, and where health claims 
are regulated with novel food legislation since 
1999. A summary of the health claim systems in 
Japan, China, Brazil and EU is shown in Table 
25.10. In Japan, China, and Brazil, it is necessary 
to make an individual application for each food 
product for which a health claim shall be made. 
The application procedure and its require-
ments are clearly indicated by the governments 
in Japan and China. A unique approach is  
on-going in the EU, where health claims based 
on new science will be approved individually, 
but all possible health claims on food ingredi-
ents based on currently existing scientific evi-
dences would be on a positive list, except those 
for children and disease risk reduction. A simi-
lar approach was taken in Japan only for vita-
mins and minerals, for which are allowed fixed 
claims on products with a certain amount of 
micronutrients without any specific applica-
tions, not under FOSHU but FNFC. It remains 
to be seen how the EU will allow health claims 
on food ingredients from 2010 onwards.

For all four regions, there is no doubt that 
scientific substantiation is necessary for claims. 
However, requirements for scientific substan-
tiation are different in each region. China has 
the widest range of health claim categories. 
China has a long history of Chinese medicine 
and people in China as well as some Asian 
countries including Japan believe in the idea 
of food and foodstuffs having health benefits 
beyond those provided by nutrients. There are 
some unique health claim categories in the fixed 
27 Chinese claim list related to Chinese medi-
cine (e.g. immunity, sleep, fatigue, lead excre-
tion, and milk secretion). These claims are not 
allowed in Japan, even if the claim systems 
and the popular beliefs regarding food func-
tionality are similar. Interestingly, some health 
claim categories do not require human trials 
in China (e.g. immunity, fatigue and bone den-
sity), unlike the other three regions. In Japan,  
 AND HEALTH
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TaBLe 25.10 Summary of health claim systems in Japan, China, Brazil and EU

Japan China Brazil Europ
Memb

Health claim system Foods for Specified 
Health Uses 
(FOSHU)

Health food ANVISA 1999 Regula
Health
made o

Year started 1991 1996 1999 2007

Definition FOSHU is foods 
officially approved 
to claim their 
physiological effects 
on the human body.

Health food is food officially 
approved to claim specific health 
efficacy and/or replenishment of 
vitamins and minerals*. Among 
specified people, the food can 
regulate body function(s) but can 
not be supposed to cure diseases. 
The food should not induce 
any acute, sub-acute or chronic 
disorder.

Functional and health 
claims are defined as, 
respectively: ‘it is related 
to the metabolic or 
physiological role that 
the nutrient or non-
nutrient plays in the 
growth, development, 
maintenance’ and ‘other 
normal functions of 
the human organism 
and states, suggests or 
implies the existence of 
a connection between 
the food or ingredient 
with disease or condition 
related to health’.

Health
that sta
that a r
a food
of its c
Catego
based 
scienti
newly 
IP righ
and re
and cla
health 

Claim categories 
currently approved

GI condition, blood 
pressure, cholesterol, 
triacylglycerol, body 
fat, blood sugar, 
bone health, mineral 
absorption, oral 
health.

Immunity, physical fatigue, 
blood sugar, blood lipids, sleep, 
protecting liver against chemical 
injury, facilitating defecation, 
antioxidative, weight control, 
anemia, skin chloasma, bone 
density, clearing throat, memory, 
eye fatigue, anoxia endurance, 
hazard protection, digestion, 
blood pressure, lead excretion, 
gastrointestinal flora , child 
growth, skin water content, 
protection of gastric mucosa, 
eliminating acne, milk secretion, 
skin oil content (27 fixed claims).

Regulating 
gastrointestinal flora, 
triglyceride, teeth, bowel 
function, antioxidant, fat 
absorption, cholesterol.

Under
evalua
receive
entries
condit
availab
similar
compr
a healt
examp
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Health claim wording Wording freely applies. Fixed claims. Fixed claims. Decision 

Disease risk reduction 
claim

Allowed under 
FOSHU on Ca and 
folic acid with fixed 
claim.

Not allowed. Allowed. Allowed.

Claim on food 
product or 
ingredient/matrix

On food product. On food product. On food product. Food cate
constituen

Functional 
components

Probiotics, 
oligosaccharides, 
dietary fibers, 
proteins/peptides, 
phytochemicals, 
fatty acids/fat, sugar 
alcohols, minerals, etc.

Probiotics, dietary fibers, 
polysaccharides, bioactive 
oligosaccharides, unsaturated fatty 
acids, phospholipids, chlorines, 
antioxidants, proteins, flavones, 
vitamins and minerals.

Probiotics, dietary fibers, 
fatty acids , carotenoids, 
phytosterols, polyols, soy 
protein.

Under ev
received 4
entries.

Claim application Required for each 
product.

Required for each product. Required for each product. Required
Articles 1

Target population People who need 
specific health benefit, 
age is not specified.

People who need specific health 
benefit, age is specified.

People who need specific 
health benefit, age is 
specified.

General p

Human trial 
for scientific 
substantiation

Required on each 
final product for 
efficacy and safety 
confirmation (Regular 
FOSHU). For risk 
reduction claim and 
Standard FOSHU 
with some specific OS 
and dietary fibers, just 
safety confirmation on 
product is required.

Required on final product but 
not for all claim categories. 
Animal study is also required in 
some categories. Trial should be 
conducted by the Ministry after 
application. Protocol is fixed.

Requires final product or 
similar matrix.

Required
substantia
inclusion 
claims.

TaBLe 25.10 (Continued)

Japan China Brazil European
Member 

Health claim system Foods for Specified 
Health Uses 
(FOSHU)

Health food ANVISA 1999 Regulatio
Health C
made on 

Year started 1991 1996 1999 2007
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No. of trials required One. One. Preferable in two.

Subjects Local population 
except for oral health.

Local population. Preferable in local 
population.

Study protocol Free but mostly fixed 
precedentally.

Fixed. Free.

Publication on result Required to publish in 
peer reviewed journal.

Not required. Required to publish in 
peer reviewed journal.

Claim on probiotics Approved in ‘improve 
in GI conditions’ 
category.

Approved in ‘regulating 
gastrointestinal tract flora’, 
‘enhancing immunity’, ‘facilitating 
feces excretion’, ‘facilitating 
digestion’, ‘improving skin water 
content’ categories.

‘Helps to maintain a 
balanced intestinal flor
Its consumption should
be associated with a 
balanced diet and healt
lifestyle.’

Approved probiotics 10 single strain and 3 
strain combinations in 
73 products, as of Nov 
2008.

12 species in 40 products, as of 
April 2009.

10 strains.

Novel food 
registration for 
probiotics

Not required. 14 probiotic strains are currently 
allowed to be used as Novel Food, 
and among them 4 strains are 
prohibited from infant formula.

Required for each strain
Scientific substantiation
necessary for safety and
efficacy.

Remarks Nutrient function 
claim is separately 
ruled under Food 
with Nutrient 
Function Claims 
(FNFC), where 
12 vitamins and 
5 minerals with 
fixed claims are 
allowed without 
any requirement for 
application.

In 2005, new rules for vitamins and 
minerals were added, and claim 
categories were expanded.
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a human trial for efficacy confirmation is basi-
cally required for FOSHU claim approval. 
Under FOSHU, human trials for efficacy con-
firmation is no longer necessary for disease 
risk reduction claims for Ca and folic acid. This 
is also the case for GI conditioning claims for 
some oligosaccharides and dietary fibers, whose 
scientific evidence in humans are recognized as 
sufficient. However, a safety confirmation study 
in humans is still required for these. According 
to the so far very limited experience, a positive  
scientific evaluation by EFSA requires most 
likely at least one human trial in the target  
population. Many relationships between health 
benefits and food components that are allowed 
in Japan and China are rejected by the EFSA 
during discussions, because of lack of adequate 
scientific substantiation from the European 
point of view. In Japan and China, human trials  
are conducted on the final product. Brazil 
requires human trials for claim substantiation 
preferably conducted with the final product. 
Depending on the bioavailability of the func-
tional ingredient on a specific food matrix, addi-
tional information may be required by ANVISA 
in case the final product is different from the one 
where the clinical trial was originally evaluated. 
In the EU, a human trial on the same food matrix 
is acceptable evidence, as in Brazil. There is no 
gold standard for scientific substantiation for 
food health claims as is the case for pharmaceuti-
cal products, and it finally rests on consensus of 
the authorities, which is influenced by academy, 
industry and consumers, and also by the history 
of any scientific approach and regulation. The 
discussion currently on-going in the EU would 
influence other regions, especially those without 
such health claim regulatory systems.

Novel food legislation is required for probi-
otics in China and Brazil. In Japan and the EU, 
living cultures such as lactobacilli and bifido-
bacteria have been consumed well before any 
establishment of novel foods legislation existed, 
and there are no regulations for probiotic use in 
food. ‘Modify GI conditions’ based on its effect 
D. PROBIOTICS
on microbiota balancing is just one health claim 
category allowed in Japan and Brazil for probi-
otics. China has approved five health claim cat-
egories for products with probiotics, including 
immunity, skin benefit, flora regulation, facilitat-
ing digestion and fecal excretion, where the latter 
three categories refer to GI conditioning. Health 
claims and the criteria for FOSHU approval 
have been established through the collabora-
tion among industries, government and acad-
emy in Japan. There was consensus to develop 
a common criteria to evaluate the benefit for GI 
conditioning in Japan. Increase in bifidobacteria 
in the gut connected to fecal moisturizing, fecal 
mass increase, and acidifying gut environment, 
result in an increase in defecation frequency and 
a decrease in harmful bacteria. Research results 
have been accumulated for 30 years, initiated by 
Prof. Mitsuoka and the Japan Bifidus Foundation 
collaborating with industry and academics. 
Interestingly, in the current discussion at EFSA, 
the health benefit of microflora balancing itself 
was questioned, resulting in some companies 
withdrawing claim applications. The relationship 
between microbiota balance, including the role 
of bifidobacteria and health status/disease risk, 
has not been clearly demonstrated compared 
to some other benefits filed—such as in lower-
ing cholesterol and cardiovascular diseases. In 
the future, accumulation of additional scientific 
evidence on gut microbiota may be required in 
order to obtain consensus in EU authorities.

Natural defense/protection benefit, includ-
ing immune reinforcement and anti-infection/ 
diarrhea effects, is also a widely accepted health  
benefit of probiotics, and a similar volume of 
publications on the benefit of probiotics for nat-
ural defense has appeared in scientific journals 
in the digestive health field. In China, there is 
an ‘enhancing immune’ health claim category 
and 21 products with probiotics have been 
approved under this claim category. There were 
some FOSHU applications in Japan in this field, 
but none achieved approval because the author-
ity considered that the field of immunity may 
 AND HEALTH
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not the territory for food but medicine. In the 
EU, all benefit areas are being evaluated equally 
under the new regulations for food health 
claims. Emerging science has shown that some 
probiotics may have anti-allergen properties 
[26, 32, 33, 119]. Such a claim exists nowhere in 
the world including in Japan, even where pro-
biotics with anti-allergen properties has been 
commercialized without any claims since 2005. 
The EU is likely evaluating such new emerging 
scientific evidence for health claims.

The establishment of health claims for food 
is a major trend for the food industry, academ-
ics and the authorities. Probiotics is one of the 
most scientifically well-documented food com-
ponents. Even though scientific evidence is the 
same, the requirement for scientific substan-
tiation on health claims are different in Japan, 
China, Brazil, and the EU, which may be due to 
cultural and historical differences with respect 
to food and food policy, and hence the achieve-
ment of consensus by authorities. The final goal 
for health claims is for the benefit of consumers. 
Further scientific evidence on clearer benefits of 
probiotics, and more discussion on health claims 
with authorities in order to achieve consensus 
on claims should allow better communication 
to consumers, and thus expand the opportunity 
for promoting health through using probiotics.
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C H A P T E R
1. IntRoDUCtIon

Consumers believe that certain foods can 
have a positive impact on long-term and current 
health. This has helped facilitate an acceptance 
of the term ‘functional foods’.

‘Functional foods’ are foods or dietary com-
ponents that may provide a health benefit 
beyond basic nutrition. Examples of catego-
ries of functional foods include foods that are 
vitamin enriched and foods that contain probi-
otic bacteria and/or prebiotics. Americans are 
becoming more aware of improved gastrointes-
tinal health due to functional foods, especially 
those containing probiotics and prebiotics. In 
2007, the North American market was the fastest 
growing for products marketed as containing 
42Bioactive Foods in Promoting Health: Probiotics and Prebiotics Bioactive Foods in Promoting Health: Probiotics and Prebiotics
probiotics. Furthermore, the market for probi-
otics continues to grow as awareness of their 
health benefits increases and more research has 
given probiotics scientific backing.

With nearly one in three global deaths—about 
16.7 million—resulting from various forms of 
cardiovascular disease, many functional food 
products are being studied and introduced to 
the market to improve heart health. Global sales 
for heart health food and drinks are growing 
rapidly and are estimated to reach a total value 
of $7.7 billion in Europe and the USA by 2010 
[1]. In 2007, the total value of the US heart health 
food and drinks market was $5 billion. These 
heart health food product sales were second only 
to gut health food product sales in terms of pur-
pose categories.
3 © 2010, Elsevier Inc. All rights reserved.
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Heart health can be impacted directly through 
an individual’s diet. For example, an antioxidant 
called resveratrol present in red wine has been 
demonstrated to reduce the condition of car-
diac fibrosis [2]. Cardiac fibrosis is characterized 
by the over-activation of fibroblasts in the heart 
which produce collagen. This hyper-secretion of 
collagen causes the heart muscle to stiffen and 
reduces the efficiency of the heart to pump blood, 
meaning the heart has to work harder. resveratrol 
prevents the over-activation of fibroblasts.

Diet also indirectly impacts heart health. Poor 
diets containing fat and cholesterol can lead 
to obesity and obesity is directly linked to an 
increased risk of heart disease. Eating high fiber 
whole grains that lower blood cholesterol can 
result in an increase in heart health because high 
levels of cholesterol can result in blockages in 
the arteries. The link among gut health, probiot-
ics and the health of specific systems such as the 
cardiac system are complex. The aim of this chap-
ter is to explore some of these direct and indirect 
effects that probiotics may have on cardiac health.

2. DIRECt EFFECtS

Until the turn of the century, there appeared 
to be no evidence of the direct protective effects 
of probiotics or functional foods on the heart. 
However, in 2000, oxman et al. [2, 3] reported 
that intravenous injection of the probiotic 
Lactobacillus conferred long-term protection to 
the heart against cardiac ischemia. Using male 
Sprague-Dawley rats, they demonstrated that 
L. bulgaricus-51 and its fermentation products 
(lCC), when injected intravenously 1 to 21 days 
before global ischemia/reperfusion, led to a 
decline of ventricular arrhythmia and an increase 
in contractility and functional recovery in lCC-
treated rat hearts compared to those of control 
rats. The lCC-induced cardioprotection was seen 
24 hours after injection and was observed for up 
to 21 days. In lCC hearts, prostacyclin, a tissue 
D. ProbIoTICS A
protective factor during myocardial ischemia, 
and norepinephrine release was attenuated dur-
ing reperfusion, while myocardial catalase activ-
ity and the expression of heat shock protein 70 
(HSP70) were increased at ischemia and reper-
fusion. HSP70 is a member of heat shock proteins 
(HSPs) that become elevated during times of cel-
lular stress and they help to shield cells from fur-
ther insults. The level of HSP70 did not change 
upon injection of lCC. only after an injection 
plus ischemia or reperfusion did the levels of 
HSP70 change, suggesting that lCC lowers the 
threshold of HSP expression. The over-expres-
sion of HSPs, as well as antioxidant activity [3], 
is thought to contribute to the cellular defense 
mechanism, which is attributed to lCC-induced 
cardioprotection.

In a follow-up study, oxman et al. [4] inves-
tigated the effects of oral administration of 
lCC. Fourteen to 21-day oral administration of 
lCC induced similar cardioprotective effects 
in Sprague-Dawley rats such as reduced tachy-
arrhythmias and improved cardiac functional 
recovery without causing toxic side effects to 
the animal. As with the single injection of lCC, 
oral administration of lCC induced a delayed 
cardioprotection.

It has yet to be seen whether these same effects 
would be seen in human subjects, but these results 
clearly demonstrate the potential for the utiliza-
tion of a functional food containing probiotic bac-
teria for the prevention or treatment of cardiac 
diseases.

3. InDIRECt EFFECtS

In humans, beneficial bacteria synthesize 
vitamins, break down indigestible substances, 
and provide protection from the colonization of 
pathogenic bacteria by competing for food and 
living space or by producing antimicrobial sub-
stances [4]. Due to its essential function, the heart 
is well guarded and the impacts that ingested 
ND HEAlTH



4253. INDIRECT AFFECTS
materials can have on the heart are typically 
limited. However, many indirect factors exist 
which negatively affect the heart and we are now 
learning that the digestive microbiota profile can 
define health in nearly all the organs of the body 
including the heart. Probiotics may play a role 
in nutrient acquisition, alleviating hypertension, 
reducing cholesterol levels and protection against 
colonizing foodborne pathogens. These indirect 
routes can ultimately define cardiac health, which 
will be discussed in the following sections.

3.1. Probiotics, Cardiac Health and 
obesity

The intestinal microbiota has a profound effect 
on nutrient acquisition. The mouse gastroin-
testinal tract (GIT) microbiota suppresses gene 
expression of factors produced by the intestinal 
epithelium and promotes absorption of mono-
saccharides, resulting in increased fat storage [5]. 
There is a direct link between obesity and heart 
disease. because the microflora of the gut has 
an impact on fat deposition, probiotics are being 
investigated as a means to manipulate GI flora 
to reduce fat deposition, which could result in a 
reduced risk for heart disease.

over half the American population is over-
weight, and nearly one quarter is obese [6]. 
The relationship between obesity and coronary 
heart disease was previously viewed as indirect 
through variables related to both obesity and 
coronary heart disease risk including hyperten-
sion and non-insulin-dependent diabetes mel-
litus. Although hypertension is approximately 
three times more common in obese than normal-
weight persons [7], some obese patients without 
hypertension may still have heart disease [8]. 
Thus, the view of the relationship between heart 
health and obesity must be considered in light 
of indirect and direct impacts.

Although the classical cardiovascular risk 
factors such as smoking are becoming more 
effectively managed, the obesity rate in the 
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United States continues to climb. The classi-
cal approaches to controlling obesity rely on 
four main modes of action: 1) control of food 
intake, mainly through modification of appe-
tite; 2) an increase in exercise to burn calories; 
3) controlling the fate of available energy pro-
duced by ingestion of food; and 4) modification 
of lipogenesis and lipolysis in adipose tissue. 
Pharamacological approaches to controlling 
obesity have been explored and are continuing 
to be developed. Much of the current research is 
centered on the development of drugs for neu-
ropeptidic control of appetite, followed by con-
trolling calorie burning mechanisms and drugs 
that target and reduce fat storage [9].

Consumers are becoming more attracted 
to natural health solutions to improve fitness 
and reduce obesity as opposed to pharmaceu-
ticals. Prescription pharmaceuticals may be 
effective at reducing obesity, but negative side 
effects can occur. For example, Sibutramine 
keeps serotonin and norepinephrine in balance, 
which helps to increase metabolism and causes 
a feeling of fullness and increases energy levels. 
However, patients who discontinue the drug 
report significant weight gain afterwards—and 
common side effects include dry mouth, consti-
pation, and insomnia with reports of increases 
in heart rate and blood pressure [10]. Some con-
sumers are more attracted to ‘functional foods’ 
because of the multiple health benefits without 
negative side effects.

The concept that food has a role to play in  
the gut beyond that of a simple caloric impact 
on obesity has emerged as more has become 
known about the relationship between gut 
microflora and host metabolism. Several lines 
of evidence suggest that this relationship is rel-
atively complex. It is not surprising that obese 
and lean people would have different micro-
flora profiles since the gut microflora play 
such an important role in converting food into 
energy [5]. There is a large body of experimental 
evidence and empirical data showing that both 
antibiotics and probiotics, which modify the gut 
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microflora profile, can act as growth promoters, 
increasing the size and weight of animals [11]. 
As growth promotants in animals, the mecha-
nism of the growth promoting effect of antibiot-
ics is supposedly associated with the inhibition 
of the gut flora of the animals by the antibiot-
ics, but the exact mechanism is unknown [12]. 
Ternak [13] suggested that the widespread 
usage of antibiotics may be a large factor in the 
obesity epidemic of humans. Humans can be 
exposed to antibiotics not only from medici-
nal use, but also from drinking water and from 
residues in meat tissue of food animals [14]. 
However, considerable research is needed to 
clearly establish the relationship among the gut 
microflora, antibiotics and obesity. Historically, 
molecular microbiological techniques such as 
metagenomics, microarray analysis and den-
sity gradient gel electrophoresis combined with 
biochemical analysis of cellular nutrient uptake 
have yielded valuable insight into microbiota 
modifications after antibiotic and probiotic 
intake that can identify the modifications asso-
ciated with increased size and weight [15].

Probiotics can stimulate the immune system 
by promoting the natural host defense systems 
and thus reducing the excessive need for anti-
biotics and perhaps weaken the link between 
obesity and antibiotic use. In addition, probi-
otics may serve as a treatment for obesity [16]. 
In a study by lee et al. [17] L. rhamnosus Pl60 
was able to reduce bodyweight of obese mice 
without reducing energy intake. The weight 
loss was thought to be due to the production of 
conjugated linoleic acids (ClA) by L. rhamno-
sus Pl60. ClA are thought to possess a number 
of health benefits including the reduction of 
body fat [18]. Similar results were seen with  
L. plantarum Pl62, which also produces ClA. 
The culture supernatant of L. plantarum Pl62 
was able to reduce the bodyweight of white 
adipose tissue and overall bodyweights in mice 
[19]. These results, however, have not been 
demonstrated in humans. In a separate study, 
Sonnenburg et al. [20] showed that certain  
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combinations of probiotic bacteria increased the 
range of polysaccharides metabolized by germ-
free mice. Finally, Martin et al. [21] administered 
probiotic drinks to mice with a humanized 
microbiome. Using spectroscopic techniques 
and mathematical modeling they were able to 
demonstrate that probiotics altered the metab-
olism of the mice in a variety of tissues. Thus, 
the consumption of probiotics may reduce 
the dependence on antibiotics and its associa-
tion with obesity as well as act as a treatment 
to obesity thereby alleviating the symptoms of 
being overweight with heart disease.

3.2. Probiotics, Cardiac Health and 
Hypertension

Hypertension, or high blood pressure, contrib-
utes to heart disease by increasing the workload 
of the heart, which in turn causes the walls of the 
heart to thicken and become stiff. Hypertension 
arises from the conversion of angiotensin I to the 
potent vasoconstrictor angiotensin II by the angio-
tensin converting enzyme (ACE). Angiotensin II 
also inhibits the vasodilator bradykinin, adding 
an additional factor for blood pressure elevation. 
Dairy products fermented with probiotic bacteria, 
especially Lactobacillus, produce bioactive peptides 
known to inhibit the activity of ACE and thus 
alleviate hypertension. For example, Nakamura  
et al. [22], used Calpis sour milk fermented with  
L. helveticus and S. cerevisiae and identified two 
peptides, Ile-Pro-Pro and Val-Pro-Pro, both of 
which possessed ACE inhibitory activity in vitro. 
The authors further demonstrated that oral admin-
istration of Calpis sour milk or the peptides to 
spontaneously hypertensive rats (SHr) was able to 
lower systolic blood pressure in these animals [23]. 
Similar results were seen with oral administration 
of milk fermented with L. helveticus CP790 [24].

Studies in humans have also shown promise 
for the use of probiotic bacteria in the reduction 
of hypertension. In a study by Seppo et al. [25] 
hypertensive subjects were fed milk fermented 
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with L. helveticus lbK-16H containing bioactive 
peptides. At the end of 21 weeks, test subjects 
showed a significant lowering of their blood 
pressure. In a separate study, Aihara et al. [26] 
were able to reduce blood pressure in patients 
with high–normal blood pressure or mild 
hypertension by daily feeding of tablets contain-
ing powdered milk fermented with L. helveticus 
CM4 for 4 weeks. (For a more complete evalua-
tion of the effects of milk peptides on hyperten-
sion see the review by Jauhiainen and Korpela 
[27].) The results of these and other studies war-
rant further exploration for the use of bioactive 
peptides produced during probiotic bacteria 
fermentation for the treatment of hypertension.

3.3. Probiotics, Cardiac Health and 
Hypercholesterolemia

Hypercholesterolemia is another significant 
risk factor for cardiovascular disease. In patients 
with hypercholesterolemia, excess cholesterol is 
deposited in the arteries leading to narrowing  
of the arteries and restricted blood flow to the 
heart. blockage of oxygen-rich blood to the heart 
can cause angina and lead to a heart attack. 
Probiotic bacteria have demonstrated the ability to 
reduce blood cholesterol and are thought to work 
by several mechanisms including assimilation of 
cholesterol [28], binding cholesterol and bile acids 
to the cell surface thus inhibiting absorption from 
the small intestine [29], and suppression of bile 
acid absorption by deconjugation of bile salts by 
the bacterial bile salt hydrolase activity [30, 31].

Several studies report a lowering of cholesterol 
levels by probiotic bacteria. For example, hyper-
cholesterolemic hamsters consuming microencap-
sulated live L. fermentum 11976 led to a significant 
reduction in their serum total cholesterol and tri-
glyceride levels as well as low density lipoprotein 
(lDl) cholesterol levels [32]. Similar results were 
seen in rats fed a high cholesterol diet supple-
mented with lyophilized L. plantarum MA2 [33]. 
In humans, one study by Ataie-Jafari et al. [34] 
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demonstrated that hypercholesterolemic patients 
fed probiotic yogurt containing L. acidophilus and 
B. lactis were able to reduce their cholesterol lev-
els compared to cohorts who consumed ordinary 
yogurt. Additional reports of cholesterol lower-
ing of probiotic bacteria are reviewed in liong 
[35]. As with the antihypertensive activities of 
probiotic bacteria the results of these hypocholes-
terolemic studies warrant further exploration.

3.4. Probiotics, Cardiac Health and 
Foodborne Pathogens

Foodborne Disease and Cardiac Effects

Foodborne pathogens have been associated 
with carditis, and any heart damage as a result 
of infection appears to be permanent [36, 37]. 
Probiotics are not only a proactive preventative 
treatment that may reduce the risk of foodborne 
illness, but also a method to eliminate and 
fight infection due to foodborne illnesses [38]. 
Thus, probiotics might offer an indirect protec-
tive effect against heart damage incurred from 
infecting foodborne pathogens.

Typically, patients with cardiac complications 
as the result of foodborne bacterial infection first 
experience classical foodborne illness symptoms 
such as diarrhea, cramping, fever and nausea. 
Treatment in these cases is necessary and usu-
ally involves a course of antibiotics. However, 
there is a growing problem of antibiotic resist-
ance in bacteria including foodborne pathogens 
and this may limit treatment options [39]. Thus, 
alternative proactive prevention and treatment 
with probiotics offers a promising option.

The effects of foodborne pathogens on human 
health are not always limited to gastrointestinal 
symptoms, but can have a substantial systemic 
impact. Secondary complications can develop 
from the bacterial infection and may include 
meningoencephalitis, endophthalmitis, osteomy-
elitis, brain abscesses, Guillain-barré syndrome 
and peritonitis [40]. Secondary complications 
such as myocarditis can permanently damage 
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the heart [41]. There has been an increase in clini-
cal reports of carditis associated with foodborne 
pathogens, but whether this is due to increased 
awareness or an increase in virulent pathogens is 
not known. regardless, the effect that these infec-
tions can have on the vital organs of the body 
warrants development of probiotics specifically 
targeted to defend and potentially prevent these 
illnesses.

Foodborne Pathogens and Carditis

The symptoms and severity of bacterial enteritis 
suffered by a patient are dependent on the health 
of the individual and the mechanisms of patho-
genesis utilized by the bacteria. Foodborne bacte-
rial pathogens can cause illness by one or more of 
three mechanisms: 1) attachment and colonization 
of intestinal epithelia; 2) intestinal colonization and 
toxin production; or 3) extraintestinal transloca-
tion of bacteria or toxins across intestinal epithelia 
and migration to other locations in the body [42]. 
bacterial or toxin translocation can result in seri-
ous cardiac complications including endocarditis 
(infection of the inner layer of the heart usually 
involving the valves), myocarditis (infection of the 
heart muscle) and/or pericarditis (inflammation 
of the fibrous sac surrounding the heart). Cardiac 
complications of bacterial enteritis are well known, 
and mainly present as endocarditis, while myocar-
ditis has only rarely been described [41]. Whether 
the carditis is caused by metastatic infections or by 
toxic mechanisms is not always clear [41].

Patients developing cardiac complications 
have reported acute chest pain subsequent to 
gastrointestinal symptoms. However, myocardi-
tis can have few or no symptoms [43]. Mohanan 
and co-workers [44] examined the cases of 100 
patients with bacteriologically or serologically 
documented Salmonella infection and found seven 
cases with clinical evidence of myocarditis, but 
as many as 46 cases with ECG abnormalities sug-
gesting myocarditis. The next sections will discuss 
specific foodborne pathogens and clinical cases of 
cardiac complications associated with infection.
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Salmonellosis

Salmonella is a Gram-negative bacterium 
that inhabits the gastrointestinal tract of warm-
blooded animals. There are approximately 2,500 
serovars of Salmonella and all serovars with the 
exception of gallinarum and pullorum can inhabit 
the gastrointestinal tracts of poultry without 
causing disease. Most human salmonellosis 
cases come from eating contaminated food [45], 
especially food of animal origin [46]. buzby et al. 
[47] reported that approximately 87% of all sal-
monellosis cases were foodborne with only 10% 
attributed to person-to-person contact and 3% 
to pets. Frenzen et al. [48] estimated that, due 
to improvements in sanitation, nearly 96% of 
Salmonella cases were foodborne.

In the United States, the CDC reported 16.2 
laboratory confirmed cases per 100,000 people in 
2008 [49]. Contaminated poultry and eggs have 
been the most frequently implicated sources of 
human salmonellosis outbreaks [50]. After inges-
tion and colonization, Salmonella can induce an 
inflammatory response in the host. It has been 
demonstrated that colonization with Salmonella 
in mice results in alterations of the microbiota 
profile, mainly an overgrowth of aerotolerant 
bacteria [51]. It was hypothesized by barman and 
co-workers [51] that the inflammatory response 
induced by Salmonella is responsible for the 
alterations in microbiota profile. The group also 
reported that these alterations were transient and 
the ‘normal’ microbiota profile returned indicat-
ing that the profile may be predetermined.

In the intestinal tract, Salmonella can invade 
the epithelial cells. After invading the epithelium, 
the bacterium has the ability to multiply intra- 
cellularly and can spread to mesenteric lymph 
nodes and throughout the body via the systemic 
circulation. once the bacteria reach the circulatory  
system, they are taken up by the reticuloendothe-
lial cells. The reticuloendothelial system confines 
and controls the spread of the organism, but 
depending on the serotype and the host defenses 
against that serovar, some serovars may infect the 
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liver, spleen, gall bladder, bones, meninges, heart 
valves, myocardium, and other organs.

Salmonella endocarditis is an uncommon infec-
tion. In 1987, Cohen and co-workers [52] identi-
fied 42 cases. of those 42 cases, the mean age 
of the patients was 49 years old and 42% of the 
patients had diarrhea prior to heart compli-
cations. The mortality rate was 69%. In 2004, 
Fernandez-Guerro and co-workers [53] reviewed 
the medical literature and reported an additional 
30 cases. The mean age of patients increased to  
59 years old of which 18 were over 60 years of 
age. of these 30 cases, 70% were men with predis-
posing heart conditions. Diarrhea was reported 
prior to heart complications in 30% of the cases.

Although both are rare, endocarditis is more 
frequently reported than myocarditis in asso-
ciation with Salmonella infection. As mentioned 
previously, most cases of endocarditis associated 
with Salmonella infections are reported in older 
males, while most cases of myocarditis have 
been described in young males without any 
predisposing conditions. Another dissimilarity 
between the conditions is the lack of gastroin-
testinal symptoms prior to endocarditis, but the 
medical literature reviewed indicated almost all 
the patients with myocarditis reported gastroin-
testinal symptoms likely from salmonellosis. In 
the myocarditis cases, the time between heart 
complications and gastrointestinal symptoms 
was a few days, most likely indicative of a toxin 
or direct bacterial invasion effect on the heart.

limited studies have been conducted to eluci-
date the mechanism of carditis by bacterial toxins. 
Using rats and dogs as models, it has been dem-
onstrated that the heart becomes resistant to the 
stimulating action of insulin on glucose utilization 
following a bacterial infection [54–57]. These mech-
anisms of glucose resistance (i.e. sugar uptake ver-
sus glycolysis/glycogen synthesis) in the heart 
were further examined by Tessier and co-workers 
[58]. They treated rats with lipopolysaccharides 
prepared from S. typhimurium. The inflammation 
reaction caused by the endotoxin impaired car-
diac glucose mechanisms in two ways: through 
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the exacerbation of the counter-regulatory effect 
of alternative fuels on glycolysis and through a 
reduction in glycogen synthesis. Interestingly, 
Pitcher and co-workers [59] concluded that endog-
enous estrogen mediated a higher threshold for 
Salmonella endotoxin (lPS) tolerance in female 
myocardium. This finding may partially explain 
why males are more often afflicted than females 
with carditis induced by salmonellosis.

Campylobacteriosis

Campylobacter is Gram-negative, thermophilic, 
spiral-shaped and fastidious in nutrient and 
environmental requirements. The bacterium is 
an obligate microaerophile and is well-adapted 
to the preferred environment of the intestinal 
tract of birds. Campylobacter has become a lead-
ing cause of foodborne illnesses worldwide [60]. 
In the United States, the CDC reported 12.68 
laboratory-confirmed cases per 100,000 people 
in 2008 [49]. However, because many campy-
lobacteriosis cases are not reported, the actual 
number of cases per year is thought to be under-
estimated by 5 or even 10 times [61].

The infective dose is typically thought to be 
low (less than 500 cells), but may be depend-
ent on various factors [62]. like many other 
foodborne illnesses, the young, the elderly, and 
immunocompromised patients are generally 
more susceptible and relatively lower doses may 
cause illness in these patients. The disease is usu-
ally self-limiting and no treatment is required, but 
depending on the health of the patient and sever-
ity of the disease, antibiotics can be administered. 
Patients report symptoms usually lasting about 3 
to 4 days. The bacteria may be shed in the feces for 
up to 1 month [63]. Extraintestinal complications 
have been reported and include reactive arthri-
tis and Guillain-barré syndrome (GbS). reactive 
arthritis typically occurs within 3 days to 6 weeks 
of infection and can last for months or up to a year 
[64]. GbS may occur within 1 to 3 weeks of infec-
tion, but is quite rare. The disease is a progressive 
paralysis due to molecular mimicry between the 
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axonal sheath and bacterial antigen. For this rea-
son, some serotypes of C. jejuni are more likely 
to initiate GbS. overall, patients usually recover 
within 2 to 3 weeks, and the mortality rate of 
campylobacteriosis-induced GbS is very low.

Cardiac complications can also occur, and a 
review of the medical literature revealed that 
myocarditis is the most frequently reported 
outcome [65]. It has been described in young 
adults, mostly male, and the majority of patients 
recovered with antibiotic therapy. The time 
between enteric infection and the onset of myo-
carditis has been reported as short as 2 to 4 days 
after initial enteric infection [66]. Myocardial 
involvement in C. jejuni infection has been 
speculated to involve either bacterial or toxin 
invasion of the myocardium, or an immunolog-
ically mediated inflammation. Since myocardi-
tis seems to appear at the same time as enteric 
infection, infection or toxin production seem 
to be more likely, because a few weeks’ span is 
needed between infection and the subsequent 
immune response.

Two reported cases of myocarditis associ-
ated with C. jejuni exhibit some unique aspects 
and have given insight into the mechanisms 
of pathogenesis. In one of these two cases, the 
outcome was fatal [65]. The patient had typical 
gastrointestinal symptoms of diarrhea, vomit-
ing and fever and heart problems did not arise 
until a few days after the initial gastrointestinal 
symptoms. At autopsy, stool cultures were posi-
tive for Campylobacter; however, heart tissues 
were analyzed by nucleic acid detection and 
were negative for Campylobacter. It was specu-
lated that C. jejuni toxin was the primary cause 
of myocarditis in this case due to the negative 
polymerase chain reaction (PCr) results and  
the short length of time between gastrointestinal 
symptoms and heart problems [65]. A second 
case of C. jejuni also presented evidence of toxin 
mediated myocarditis [67]. In this case, blood 
cultures were negative for C. jejuni in addi-
tion to the typical short time of gastrointestinal 
symptoms until severe chest pains occurred.
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The fact that these two cases indicate toxin as 
a cause of myocarditis is very intriguing because 
a cytolethal distending toxin (CDT) is the only 
toxin identified from the entire genome sequence 
of C. jejuni [68]. However, other toxin activities of 
Campylobacter have been reported that include a 
shiga-like toxin, a hepatotoxin, hemolytic toxin 
and exotoxin. Furthermore, even CDT negative 
strains have been shown to have toxin effects in 
in vitro tissue culture models [69]. However, no 
cardiotoxin has been reported [70].

Listeriosis

Listeria monocytogenes can be found in a vari-
ety of foods. Foods most often implicated in 
listeriosis are processed foods that become con-
taminated after processing—such as deli meats, 
soft cheeses and hot dogs. Unpasteurized milk 
and raw vegetables can also be sources. The 
disease primarily affects persons of advanced 
age, pregnant women, newborns, and adults 
with weakened immune systems. listeriosis is 
a serious foodborne illness with extraintestinal 
complications including septicemia, meningitis/
encephalitis, and abortion that occur mostly in 
immune-compromised populations. According 
to the bacterial Foodborne and Diarrheal Disease 
Surveillance report published in 2007, there were 
896 cases of listeriosis recorded nationally in 
2005 [71].

Endocarditis caused by L. monocytogenes 
is rare and accounts for the minority of recog-
nized clinical syndromes caused by human 
listeriosis. only 60 cases of L. monocytogenes 
infective endocarditis have been reported and 
of those, 15 involved a prosthetic valve [72].  
Most patients with L. monocytogenes associated 
endocarditis were 50 years of age or older [73]. 
Men were affected more often than women and 
various underlying cardiac and non-cardiac 
conditions were present in a majority of the 
reported cases [72, 74]. The mortality rate for 
the reported cases was 50%. Most patients had 
typical flu-like symptoms including fever and 
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chills. It appears that L. monocytogenes directly 
infects the heart as most patients had positive 
blood cultures and/or at autopsy L. monocy-
togenes was cultured from the heart valves [73].

only a few reports of myocarditis as a com-
plication of L. monocytogenes infection have been 
reported. In these incidents, blood cultures were 
positive [75, 76], indicating that infection of the 
heart was most likely the cause of myocarditis as 
opposed to toxin or immune reaction mediated. 
In the hearts of patients experiencing myocarditis, 
remodeling of the ventricle occurred as a result 
of chamber dilation and sphericity, resulting in a 
reduced left ventricular blood output. In patients 
with L. monocytogenes associated myocarditis, the 
reshaping of the heart was reported to be a result 
of extensive necrosis [76]. like endocarditis, myo-
carditis was usually identified in older patients 
with underlying conditions. However, the condi-
tion has also been described in an immune com-
petent patient who was 49 years old [76].

Yersiniosis

Yersinia enterolitica is an uncommon cause of 
foodborne illness in the United States (0.36 per 
100,000) [49]. Pigs can carry Yersinia in the intes-
tines and therefore pork and pork products can 
become contaminated with the bacteria. As with 
other foodborne illnesses, the population having 
a greater risk for yersiniosis includes the immu-
nocompromised, very young and very old.

A summary of reports by Karachalois and co-
workers in 2002 [77] reported 14 cases of Yersinia 
enterolitica endocarditis. of those 14 cases, two 
had prosthetic heart valves. Yersinia bacteremia 
and septicemia are typically seen in patients 
with some type of predisposing factor such as 
diabetes, iron overload, liver disease, alcohol-
ism, as well as in elderly patients, and nearly all 
the cases of endocarditis due to Yersinia infection 
had some type of predisposing condition. All 
cases of endocarditis had positive blood cultures 
for the bacterium indicating infection of the 
heart by bacteria as the cause of endocarditis.
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Probiotics in Agricultural Animals to 
Reduce Foodborne Pathogens

In order to reduce foodborne illnesses, the 
severity of disease and the risk of secondary 
complications associated with cardiac health, 
necessitates addressing and designing interven-
tion strategies along the farm-to-fork contin-
uum. Probiotics offer an all-natural alternative 
approach and research involving the use of 
probiotics at all steps from production to final 
product have been explored. The next section 
will discuss probiotic uses in food produc-
tion specifically aimed at reducing foodborne 
pathogens.

An important source of these pathogens 
is the mishandling or consumption of raw or 
undercooked meat. Agricultural food animals, 
including cattle, poultry and swine, can carry 
pathogens in their intestines without causing 
disease to the animal. Shedding of the patho-
gen in the feces causes contamination of the 
environment. Furthermore, if intestinal contents 
are ruptured during processing, contamination 
of the meat can occur. Pre-harvest intervention 
strategies, such as probiotics that reduce these 
foodborne pathogens, are attractive as a means 
of reducing human risk of illness. Therefore, 
considerable research has been centered on 
probiotic administration to these animals to 
prevent foodborne pathogens from colonizing 
the animal gut. This subject has been reviewed 
by Nava et al. [78], and therefore, this subject 
will be briefly discussed with respect to other 
studies.

Cattle

Cattle may carry and shed Salmonella and 
E. coli o157:H7 and probiotics that can reduce 
both of these pathogens are being explored 
[79]. Probiotic treatment options are appeal-
ing because they are more cost-efficient than  
other treatments such as sodium chlorate or 
bacteriophage [80]. A challenge with probiotic  
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administration in cattle is the intermittent shed-
ding of the pathogens, because it has been 
reported that E. coli and Salmonella shedding can 
be unpredictable and can occur in clusters of 
animals [81]. In feeding trials, probiotics admin-
istered on a daily basis did not completely 
eliminate foodborne pathogens but did reduce 
pathogen shedding [79, 82]. other research 
indicates that, although probiotics offer some 
defense from colonizing pathogens, they are not 
completely effective and alternative probiotic 
cultures or other additional pre-harvest inter-
vention strategies may be useful.

Probiotic cultures in cattle are useful because 
they may provide additional benefits. Chiquette 
and co-workers [83] demonstrated that supple-
menting early-lactating cows with a probiotic  
culture increased ruminal fermentation prod-
ucts and increased milk fat concentration. 
Magalhaes and co-workers [84] were able to 
improve health, minimize frequency of health 
treatments, and reduced the risk of morbidity 
and mortality in dairy calves by feeding yeast 
cultures. Vasconcelos and co-workers [85] were 
able to increase grain feed efficiency in cattle by 
feeding a combined culture of Lactobacillus and 
Propionibacterium.

Poultry

Conventional poultry association with food-
borne disease and subsequent prevention has 
been reviewed [86]. However, the emergence 
of non-conventional poultry raised either as 
organic or pasture flocks has altered the empha-
sis for control measures to more natural bio-
logicals [87]. organic meat growers must follow 
the primary organic practices set forth by the 
USDA, which includes growing without anti-
biotics, coccidiostats or growth hormones and 
using organic feed that was grown without 
the use of synthetic fertilizers or pesticides. 
Thus, probiotics are one of the few acceptable 
treatments in organic production. A growing 
number of consumers are attracted to organic 
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products due to concerns of health issues 
related to the belief that growth hormones and 
antibiotics are used in conventional systems. At 
the time of writing, organic poultry only con-
stitutes 2% of the total poultry market, but it is 
one of the fastest growing sectors in the food 
market. Chicken leads as an organic meat due 
to its short production cycle, which allows sup-
pliers to quickly increase supply. lower costs of 
production relative to other meats also means 
that these chicken products are only about 20% 
higher priced than conventional, compared to 
30–40% price premiums for other meats.

The two leading causes of foodborne illnesses 
are Salmonella and Campylobacter and handling 
or consumption of poultry and poultry products 
are leading causes of salmonellosis and campy-
lobacteriosis. It has been reported that nearly 
98% of chicken flocks in the United States are 
colonized by C. jejuni [88]. levels of colonization 
have been demonstrated to be 105 to 109 colony- 
forming units (cfu) per gram of intestinal con-
tents [61]. Siemon et al. [89] reported that 44% of 
the farms sampled were positive for Salmonella. 
bailey and Cosby [90] sampled a total of 135 
processed free-range chickens from four differ-
ent producers in 14 different lots and analyzed 
the carcasses for the presence of Salmonella. 
overall, nine (64%) of 14 lots and 42 (31%) of 
135 of the carcasses were positive for Salmonella. 
Esteban and co-workers [91] sampled free-range 
flocks in Spain and found that Campylobacter 
was the most prevalent of the four pathogens, 
isolated in 70.6% of the farms, followed by  
L. monocytogenes (26.5%), and Salmonella (2.9%).

Without the use of antibiotics, organic poul-
try producers face a challenge to reduce the 
levels of these foodborne pathogens, which are 
widespread in poultry. Probiotics have shown 
promising results in poultry production [78]. 
However, temporal results similar to probiotic 
studies for cattle are typically reported [92]. 
With the growing interest in organic foods, spe-
cifically poultry, it will become imperative to 
find probiotics and other natural treatments that 
 AND HEAlTH



4333. INDIRECT AFFECTS
are effective and acceptable for use in organic 
production.

Swine

The consumption and mis-handling of raw 
or undercooked pork can lead to infection with 
Salmonella or Yersinia [93]. Salmonella serovar 
typhimurium remains the serovar most com-
monly isolated from pigs [94]. The primary 
goal of probiotic administration in pigs is to 
reduce gastrointestinal colonization by patho-
genic bacteria. However, because infection with 
Salmonella in pigs can result in diarrheal illness, 
probiotics can also serve as a treatment option.

Casey and co-workers [95] administered a 
combination of five lactic acid bacteria to piglets 
and 6 days later orally challenged the pigs with 
Salmonella typhimurium. Animals that were 
administered probiotics showed reduced signs 
of illness and the numbers of animals shedding 
Salmonella was also reduced. In the pig, probiotic 
effectiveness has been reported to be depend-
ent on the strains of probiotics used. Szabo 
and co-workers [96] used a probiotic strain of 
Enterococcus faecium in piglets. They observed 
that fecal excretion and colonization of Salmonella 
in organs were significantly greater in piglets 
fed E. faecium. However, the humoral immune 
response against Salmonella (serum IgM and IgA 
levels) was significantly greater in the probiotic 
group animals than in control animals.

Probiotics in Food to Reduce Foodborne 
Pathogen Contamination

The level of indigenous microflora in most 
foods is expected to be higher than that of a 
pathogen on a food [97]. The growth and meta-
bolic activity of the indigenous flora has a large 
influence on the intrinsic properties of the food 
[98]. Naturally occurring lactic acid bacteria on 
vegetables can inhibit pathogen growth by low-
ering pH, producing antimicrobial compounds, 
competing for nutrients, and producing H2o2 
D. ProbIoTICS
[99]. Therefore, it is not surprising that patho-
gens can grow better on foods with low back-
ground microflora [100, 101].

lactobacilli are the most commonly used 
probiotic cultures as food additives because 
they are generally recognized as safe (GrAS), 
typically already present in the human GI 
tract and can be used without regulation [102]. 
They are usually present in dairy products but 
may be added to produce cheeses and yogurts. 
lactobacilli are known to inhibit the growth 
of pathogenic bacteria, possibly by produc-
ing inhibitory compounds that include organic 
acids, hydrogen peroxide and bacteriocins 
[103, 104]. The added benefit of the ability of 
Lactobacillus to inhibit foodborne pathogens in 
these products has been reported [105]. This is 
especially useful for unpasteurized products as 
probiotic cultures could render unpasteurized 
cheeses safer for consumption [104].

In foods other than dairy, lactobacilli can act 
as spoilage organisms and possibly reduce the 
shelf life of the product. Nevertheless, the idea 
that these bacteria can inhibit or kill pathogens 
on food products is being explored due to con-
sumer demands for additive- and preservative-, 
free foods [106, 107]. brillet and co-workers [108] 
showed biopreservation of cold smoked salmon 
using lactic acid bacteria inhibited the growth 
of L. monocytogenes with low effect on the qual-
ity of the product. benkerroum and co-workers  
[109] used lyophilized Lactobacillus with some 
success to inhibit Listeria in dry fermented  
sausages. The addition of probiotic cultures 
to prepared meals at the restaurant level has 
been explored. rodgers [110] has reviewed this  
particular use of probiotics not only for the anti-
bacterial use, but for the multiple health benefits 
in which consumers are interested.

Probiotics in Humans to Combat  
Foodborne Pathogens

Any bacteria, beneficial or pathogenic, must 
be able to survive passage through the acidic 
 AND HEAlTH



26. PROBIOTICS AND CARDIAC HEALTH434
conditions of the stomach and colonize the 
intestines. Milk provides a buffering effect 
against the acidic conditions of the stomach and 
the environment of a dairy food is favorable 
to lactobacilli. Therefore, probiotic delivery 
via milk products is a proficient means to pre-
serve cultures for shelf storage and to promote 
survival during administration. Evidence has 
been published that lactobacilli have bacte-
ricidal effect on some foodborne pathogens. 
lactobacilli cultures isolated from cheese and 
milk products have been demonstrated to 
reduce Salmonella populations in the gut of mice 
and were bactericidal in in vitro assays [111, 112]. 
Jain and co-workers [113] found pre-feeding  
mice with L. acidophilus and L. casei amelio-
rated S. enteriditis infection by stimulating spe-
cific and non-specific immune responses. Mice 
fed L. casei prior to infection with L. monocy-
togenes had lower levels of pathogen in the gut  
and no translocation of the pathogen to internal  
organs [114].

A requirement of any pathogen invading the 
gut is that it must be able to compete with the 
indigenous microflora of the gut. In general, 
indigenous microflora out-compete pathogens 
for adhesion sites on the intestinal epithelium, 
essential nutrients, and may even produce bac-
tericidal substances [115]. However, if coloniza-
tion is established, the immune system plays a 
critical role in clearing the GI tract of the invad-
ing pathogen. Probiotic lactic acid bacteria in 
dairy products are known to enhance the ability 
of the host to fight intestinal infection through 
stimulation of the mucosal immune system 
[116]. lactic acid bacteria can also stimulate b 
and T cells to produce antibodies and cytokines 
used to eliminate pathogens from the gut.

Search for lactic acid bacteria with immu-
nomodulatory abilities is an important area in 
food science. The increase of antibiotic-resistant 
bacteria limits treatment options with classical 
drugs. In addition, foodborne pathogens can 
have a devastating systemic impact. Probiotics 
offer an approach that may not only prevent but 
D. ProbIoTICS 
possibly treat serious infections with foodborne 
pathogens.

4. ConClUSIon

The importance of the gut health of an indi-
vidual is widely recognized. A more com-
prehensive understanding of how beneficial 
microorganisms shape gut health is evolving. 
The gut provides the essential function of nutri-
ent uptake with microorganisms aiding in the 
digestion of our food. Furthermore, these bacte-
ria play an essential role in nutrient acquisition. 
The presence of bacteria in the gut is critical and 
barriers and containments in the gut are crucial 
for preventing bacterial infection in other areas 
of the body. Molecular filters in the gut are nec-
essary for the uptake of nutrients and prevention 
of toxic substances from reaching critical organs.

Due to its essential function, the heart is well 
guarded and the impacts that ingested materi-
als can have on the heart are typically limited. 
However, many indirect factors exist which can 
negatively affect the heart and we are just begin-
ning to learn and appreciate the fact that the 
digestive microbiota profile can define health in 
nearly all the organs of the body including the 
heart. With research, a better understanding of 
these complex interactions and the effects of gut 
microbiota on the heart will be determined and 
perhaps manipulation of the gut bacteria might 
be achieved that can result not only in improved 
but sustained maintenance of cardiac health.
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C H A P T E R
1. INtRoDUCtIoN

Prebiotics and probiotics have now gained 
a more central role in the nutritional scien-
tific panorama for their important therapeutic  
‘alternative’ role in the treatment of some 
pathologies that affect both adults and children, 
as early as the first few days of life. According to 
the criteria proposed in a report of the Conseil 
de l’Europe of 2004 entitled ‘The quality of life 
and management of living resources program,’ 
prebiotics and probiotics can be called ‘func-
tional foods’ [1]. The term ‘functional’ refers to a 
food—not a dietary supplement—that, in addi-
tion to its intrinsic nutritional value, can also 
positively affect specific functions of the organ-
ism, improve a person’s health and well-being, 
and reduce the risk of diseases [2].

1.1. Development and Physiology of the 
Gastrointestinal Ecosystem

The gastrointestinal bacterial flora, the intesti-
nal epithelium and the mucosal immune system 
44 Promoting Health: Probiotics and Prebiotics 
constitute a highly integrated unit called gastroin-
testinal ecosystem. Intrinsic disorders (genetic) 
and acquired alterations to any component can 
bring about pathological changes to the digestive 
system [3].

During fetal life, the intestine is sterile; at birth 
the gastrointestinal tract becomes progressively 
colonized by commensal bacteria, creating the 
so-called microflora that is essential to the devel-
opment of intestinal structures and functions 
[4]. Bacteria can be classified into three groups, 
depending on their impact on a person’s health: 
beneficial bacteria, potentially harmful bacteria, 
and bacteria that can have both pathogenic and 
beneficial effects [5] (Table 27.1).

Intestinal colonization is strongly influenced 
by genetic factors, by the type of delivery, by the 
maternal bacterial flora, by the type of nutrition, 
and by exposure to the external world [6, 7].  
In babies born by spontaneous delivery, micro-
bial colonization begins with the passage of the 
fetus through the birth canal. The microbial colo-
nization pattern is the same as that of the moth-
er’s vaginal and perineal microflora (microbial 
heredity) [8–12]. Enterococcus, Streptococcus, 
1 © 2010, Elsevier Inc. All rights reserved.
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Staphylococcus and Lactobacillus bacteria are the 
first to colonize [13]. This microbial flora is tran-
sitory and its role is simply to create a favorable  
environment for the true intestinal flora [14]. 
On the contrary, the microflora of a child born 
through a cesarean section depends on the sur-
rounding environment and is characterized by 
low levels of Bifidobacterium and Bacteroides-
type bacteria, and higher levels of Clostridium  
(sp. difficile) [15–17].

During the first two days of a baby’s life, a 
high oxidoreductive intestinal potential facili-
tates the development of facultative aerobic 
bacterial strains such as the more prevailing 
Escherichia (sp. coli) and Streptococcus. Only 
later, the progressive decrease in oxidoreduc-
tive potential, induced by the aforementioned 
strains, creates conditions that favor the develop-
ment of obligate anaerobes belonging to the gen-
era Bifidobacterium, Bacteroides and Clostridium, 
which after the first week of life represent about 
80% of all the bacteria that make up the intes-
tinal flora [18]. The intestinal tract of a healthy 
full-term infant continues to host a simple and 
unstable pattern of microorganisms through the 
first few days of life. After the first week, colo-
nization becomes more complex but also more 
stable and persistent, with about 109–1010 organ-
isms per gram of feces [8, 19].

tablE 27.1 Classification of indigenous intestinal 
bacteria

Beneficial bacteria Bifidobacterium spp.
Lactobacillus spp.
Eubacterium spp.

Potentially harmful 
bacteria

Staphylococcus spp.
Clostridium spp.
Proteus spp.
Pseudomonas (sp. aeruginosa)

Opportunistic bacteria Veillonella spp.
Streptococcus spp.
Bacteroides spp.
Enterococcus spp.
D. PROBIOTICS
From the second week on, and regardless 
of the type of delivery, the development of the 
gut microflora is heavily influenced by nutri-
tion [20]. Formula-fed infants seem to develop 
a more complex microflora, represented mostly 
by anaerobes such as Enterococcus spp., Klebsiella 
spp., Enterobacter spp., Clostridium spp. and 
lesser amounts of Bifidobacterium spp., Bacteroides 
spp., and Lactobacillus spp. On the other hand, 
the intestinal bacterial flora of breast-fed infants 
is characterized by the predominant presence 
of Bifidobacterium spp. and by lesser quantities 
of Staphylococcus spp., Streptococcus spp., and 
Lactobacillus spp. [15, 17, 21–28]. It appears that 
this difference in intestinal colonization between 
 formula-fed and breast-fed infants could be 
related to the influence that some breast milk 
components have on the microbial flora. This is 
especially true for oligosaccharides and some 
humoral mediators of the immune response, such 
as secretory IgAs, cytokines, and growth factors 
like IL-1, IL-6, IL-8, G-CSF, M-CSF, TNF-, IFN-, 
in which breast milk is particularly rich [29].

Some data reported in the literature suggest 
that differential exposures to the outside world 
may also play an important role in the develop-
ment of the endogenous flora; this is particu-
larly important in the case of premature babies. 
In premature babies, delayed tube feeding, fre-
quent wide range antibiotic treatments, and the 
exposure to hospital microbial flora contribute to 
a delayed colonization by non-pathogenic com-
mensal bacteria and to an increased risk coloni-
zation by pathogens [8, 15, 17, 30–35]. The most 
prevalent genera found in the feces of preterm 
babies are Enterococcus, Enterobacter, Escherichia 
(sp. coli), Staphylococcus, Streptococcus, Clostridium, 
and Bacteroides [15, 36–38]. This colonization pat-
tern, although very similar to that of formula-fed 
term babies, seems to persist longer in preterm 
infants, and Bifidobacterium spp. bacteria establish 
themselves much later and at a much slower rate 
in preterm infants [38, 39].

The peculiarity of a preterm baby’s intestinal 
ecosystem is due to the fact that those bacteria, 
 AND HEALTH
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which appear early in the intestinal flora, tend to 
stay longer than those introduced at a later time 
[40–42], as well as to the fact that once this colo-
nization pattern has established itself, it is very 
difficult to change it. In fact, it is believed that 
inappropriate colonization by pathogens plays 
an important role in the pathogenicity of necro-
tizing enterocolitis (NEC) [32].

Once the intestinal flora has become stabi-
lized, it does not undergo any further qualita-
tive changes [8]. As the neonatal age ends, the 
composition of the bacterial flora changes fur-
ther at the beginning of weaning, and especially 
among breast-fed infants [21]. Once solid foods 
are introduced, the composition of the micro-
flora gradually reaches its final pattern, which is 
characterized by a relatively stable prevalence of 
anaerobes [3]; and after the second year of life, it 
shows all of the characteristics typical of an adult 
microflora [43] (Table 27.2).

The microflora of different parts of the gastroin-
testinal tract differ from one another quantita-
tively and qualitatively (proximal-distal gradient). 
Anaerobes such as Bacteroides spp., Eubacterium 
spp., Streptococcus spp. and Fusobacterium spp. are 
found mostly in the large intestine and their rate 
reaches up to 99% in the rectum. The microflora of 
the colon is also horizontally stratified and shows 
a difference between luminal and mucosal micro-
flora, which is further subdivided into flora of the 
mucosal layer, flora of the crypts, and flora that 
adheres to the colonocytes [44–46].

Numerous studies have shown how the ‘bifi-
dogenous flora,’ which is comprised of bacteria 
of the genera Bifidobacterium and Lactobacillus, 
can benefit an individual’s health by stimulating 
the immune system, inhibiting the development 
of the pathogenic flora, improving nutrients and 
mineral absorption, and allowing for vitamin 
synthesis and gas production [47–49].

The primary role of the microflora found 
in the colon is to obtain energy from food not 
digested in the upper gastrointestinal tract 
through fermentation. Approximately 8–10% of 
the total daily energy requirement derives from 
D. PROBIOTICS
bacterial fermentation in the colon [50]. Short-
chain fatty acids (SCFAs) such as acetic acid, 
butyric acid, and proprionic acid, are the main 
products of fermentation in the colon. Butyrate is 
metabolized by the epithelium of the large intes-
tine’s mucosa and plays an essential role in its 
trophism [51, 52].

The gut microflora also plays an important 
immunoregulatory role by promoting the proper 
development of the lymphoid tissue of the intes-
tinal mucosa (gut associated lymphoid tissue 
(GALT)), as documented by studies on germ-
free animals [53, 54]. The ‘microbial-epithelial 
cross-talk’ between the intestinal epithelium and 
commensal bacteria allows for a suitable regula-
tion of the intestinal immune and inflammatory 
response [55]. The proper interaction between the 
microflora and the intestinal epithelium is guar-
anteed by the presence of an intact mucosal bar-
rier, a suitable bacterial colonization, an adequate 
activation of intestinal immune defenses, and 
modulation of intestinal inflammation [56, 57]. 
On the whole, the interaction between the micro-
flora and the intestinal immune system allows 
the latter to develop a ‘suppressive’ immune 
response, like oral tolerance, as well as an ‘induc-
tive’ response, such as the synthesis of IgA class 
antibodies. The role of oral tolerance is to inhibit 
immune responses against food antigens and 
antigens of commensal bacteria, enabling one 
to avoid inflammatory intestinal diseases and 
hypersensitivity reactions to food. Meanwhile, 
the role of secretory IgAs is to protect the intes-
tinal mucosa from enteropathogenic organisms 
and to block resident bacteria and food antigens 
from entering into systemic circulation. There is 
quite a bit of evidence that proves that, by send-
ing signals via specific receptors, especially the 
toll-like receptors, intestinal bacteria can affect 
the function of epithelial cells, determine T cell 
differentiation and antibody responses to T cell 
dependent antigens, and regulate the intestinal 
immune response. The production of secretory 
IgAs is the primary component of the antibody 
response to pathogenic antigens. In addition, the 
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tablE 27.2 Factors that influence the gut microflora composition

Age

First few days of life After first week of life After weaning

Mode of delivery Type of diet High levels of anaerobic bacteria:
Bacteroides spp.

Vaginal Breast-fed infants Bifidobacterium spp.

Streptococcus spp. High levels: Eubacterium spp.

Staphylococcus spp. Bifidobacterium spp. Clostridium spp.

Enterococcus spp. Peptostreptococcus spp.

Lactobacillus spp. Low levels:
Straphylococcus spp.

Streptococcus spp.
Fusobacterium spp.

Cesarean section Streptococcus spp. Veillonella spp.

High levels: Lactobacillus spp.

Clostridium spp. Low levels of aerobic bacteria:

Formula-fed infants Escherichia spp.

Low levels: High levels: Enterobacter spp.

Bifidobacterium spp. Enterococcus spp. Enterococcus spp.

Bacteroides spp. Enterobacter spp.
Klebsiella spp.
Clostridium spp.

Klebsiella spp.
Lactobacillus spp.
Proteus spp.

Streptococcus spp.

Low levels:
Bifidobacterium spp.
Bacteroides spp.
Lactobacillus spp.

Straphylococcus spp.

Preterms
Enterococcus spp.
Escherichia spp.
Enterobacter spp.
Klebsiella spp.
Straphylococcus spp.
Bacteroides spp.
Streptococcus spp.
Clostridium spp.

Hospitalization
Klebsiella spp.
Enterobacter spp.
Bacteroides spp.
Clostridium spp.
D. PROBIOTICS AND HEALTH
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colonization of the bacterial flora causes modu-
lation of the Th2 response (pro-allergic) to a Th1 
response (suppressive), which could reduce 
immune hyperreactivity, as occurs with allergic 
pathologies [58, 59].

The ability of bifidogenic flora to inhibit the 
growth of pathogenic microorganisms, and 
consequently to reduce the incidence of intes-
tinal infections, has been documented [60, 61]. 
It is believed that the fundamental mechanism 
of this inhibitory process is directly related to a 
reduction of intestinal pH, caused by a substan-
tial presence of lactic acid and acetic acid that 
are produced during carbohydrate fermentation. 
Furthermore, gut microflora cells can produce 
active bactericides, defined as bacteriocidins, 
which can attack Clostridium spp., Escherichia (sp. 
coli), and other potentially pathogenic microor-
ganisms [62]. Given this situation, it is easy to 
recognize how a change in the delicate balance 
between intestinal resident flora, the epithel-
ium, and GALT is essential to understanding 
the physiopathology of numerous gastrointesti-
nal and systemic diseases in both pediatric and 
adult age [63–65].

2. PREbIotICS

2.1. Definition

The term ‘prebiotic’ refers to organic substances 
capable of facilitating the growth of intestinal 
microbial flora by acting as a nutritional substrate 
for endogenous microorganisms. According to 
the definition proposed by ENDO (European 
Project on Non-Digestible Oligosaccharides), 
prebiotics are ‘non-digestible oligosaccharides 
that can stimulate and promote the growth and/
or metabolism of bifidobacteria and lactobacilli in 
the human intestine’ [66]. Accordingly, prebiotics 
must possess the following characteristics:

l They cannot be hydrolyzed or absorbed in 
the upper gastrointestinal tract.
D. PROBIOTICS
l They must be a selective substrate for one 
or a few bacteria found in the colon, such as 
lactobacilli and bifidobacteria.

l They must be able to change the gut 
microflora into a healthier and more 
beneficial composition to the host  
organism [67].

l Prebiotics should make up about 10% of the 
total energy requirement and about 20% 
of the total volume of food ingested [3] by 
humans.

2.2. Characteristics

Every dietary component that reaches the 
colon in its intact form can potentially be a pre-
biotic. Prebiotics include various oligosaccharides 
(fructo-, galacto-, isomalto-, xylo-, and soyo-  
oligosaccharides), lactulose and lactosucrose. 
When talking about prebiotic substances, the lit-
erature has focused specifically on non-digestible  
oligosaccharides (NDOs) [13]. Although they 
are part of a complex heterogeneous group of 
substances with different chemical compositions 
and prebiotic qualities, all NDOs have strong 
bonds that are resistant to the hydrolytic action 
of enzymes found at the beginning of the diges-
tive tract, such as lactase, saccharase-isomaltase, 
maltase-glucoamylase, trealase, and amylase; 
because of this, they all arrive at the large intes-
tine virtually untouched.

The most studied NDOs are those found in 
breast milk, termed human milk oligosaccha-
rides (HMOS) and non-milk derived NDOs, 
such as the galacto-oligosaccharides (GOS) and 
the fructo-oligosaccharides (FOS), which are 
sold commercially. They are carbohydrates com-
prised of 3–10 monosaccharide units like galac-
tose, fructose, N-acetyl-glucosamine, sialic acid; 
and they are linked to one another by their char-
acteristic glucosidic bonds. Oligosaccharides are 
considered to be the most important prebiotic 
substrate because they meet all of the prebiotics’ 
current classification criteria [68, 69].
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2.3. Human Milk oligosaccharides 
(HMoS)

Human milk is considered the gold stand-
ard nutrient in infant nutrition, especially dur-
ing the first 6 months of life [70]. Human milk 
offers all of the necessary nutrients needed for 
a baby’s healthy growth and development. The 
HMOS found in breast milk play their prebi-
otic role by facilitating an intestinal microen-
vironment rich with Bifidobacterium spp. and 
Lactobacillus spp. [71–74]. After lactose (about  
6 g%) and lipids (about 4 g%), these oligosaccha-
rides represent the third most important compo-
nent of human milk. Their highest concentration 
is found in the colostrum (2%). In mature milk 
(about 10 g/L), they stabilize at 1.2–1.4%.

HMOS are synthesized in the mammary 
gland by specific enzymes, the glycosyltrans-
ferases. These enzymes catalyze the sequen-
tial addition to the basic lactose molecule 
(Glucose–Galactose) of monosaccharide units 
that form linear and branched molecules thanks 
to the -glycosidic bond in D-glucose molecule,  
D-galactose and N-acetyl-glucosamine mol-
ecules, and thanks to the -glycosidic bond in 
L-fucose and sialic acid. More specifically, the  
L-fucose bond to the basic molecule is correlated 
to the secretory component of the Lewis anti-
gen of the maternal blood group [75]. Lacto-N-
 tetraose is the most prominent oligosaccharide 
found in breast milk [76]. There is evidence indi-
cating that the HMOS fraction is characterized  
by substantial structural diversity, including 
over 1,000 different identified molecules [77, 78].  
Their concentration and composition differs  
among people and during the breast-feeding 
period. These HMOS are also present in their 
free form or linked to macromolecules such as 
glycol-proteins, glycol-lipids, or others [77–80].

Since the human gut does not release luminal 
enzymes that can cleave -glycosidic or -glyco-
sidic bonds, HMOS become resistant to intesti-
nal enzymatic digestion [81–83]. Because of their 
low digestibility, HMOS can be easily traced in 
D. PROBIOTICS
the feces of breast-fed infants [84], despite the 
fact that some intestinal bacteria release glycosi-
dases capable of metabolizing them [85]. Since 
HMOS have been identified as functional com-
ponents of human milk, many efforts have been 
made to mimic these functions with other alter-
native compounds.

2.4. Non-human Milk oligosaccharides

Oligosaccharides from Animal Milks

The concentration of oligosaccharides found 
in the milk of other animals is very low and by 
far inferior to that of human milk. In addition, 
oligosaccharides found in animal milks have 
a very simple, much less complex molecular 
structure than that of HMOS [77, 86]. However, 
the preparation of these compounds is quite dif-
ficult and mass production is not commercially 
available. This is why clinical trials using non-
human oligosaccharides as prebiotics are not 
yet available.

Non-milk Oligosaccharides

Non-milk oligosaccharides can be obtained 
from bacteria, yeasts and plants; they can be 
extracted from natural sources, synthesized from 
monomers and/or small oligosaccharides, or 
produced by natural polymer hydrolysis. In fact, 
some NDOs, like inulin, xylo-oligosaccharides 
and maltose-oligosaccharides, are extracted from 
plant products (soy, chicory) and subsequently 
undergo partial enzymatic hydrolysis; others, 
like the FOS and GOS, are obtained from enzy-
matic synthesis, through glycosyltransferase, 
from simple sugars, such as sucrose and lactose.

The most commonly used NDOs in pediatric 
trials are:

l GOS, particularly the short-chain ones 
(scGOS);

l both short-chain and long-chain FOS (scFOS 
and lcFOS);

l inulin;
l lactulose;
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l blends of lactulose and scGOS;
l blends of scFOS and lcFOS;
l blend of galacturonic acid oligosaccharides 

combined with scGOS and lcFOS;
l blends of scGOS and lcFOS [15, 87–128].

The amount of fecal bifidobacteria, their per-
centage compared to the total number of bacte-
ria, and the production of SCFA, are generally 
used in evaluating their prebiotic effect. On the 
basis of these markers, there is sufficient evi-
dence to classify only GOS, FOS and inulin as 
prebiotics [129, 130].

Inulin and FOS, a polymer and olygomer of 
fructose, respectively, are food components found 
as carbohydrates in nature in some plant species 
such as chicory, garlic, onion, leeks, radicchio, 
artichoke, banana and cereal. They are classified 
as  (2→1) fructans, a term that refers to carbohy-
drates that have mostly fructosyl–fructose-type 
glucosidic bonds. Inulin is a blend of polydis-
perse -fructans, whose chains vary in length 
from 2 to 60 units, and has an average polym-
erization level equal to 10 monosaccharide units. 
The inulin available on the market is extracted 
through a hot water process from chicory root 
(Cichorium intybus), which contains 15–20% inu-
lin and 5–10% FOS. The final product is a pow-
der comprised of inulin with an average degree 
of polymerization of 10–12 monosaccharide units 
and a small quotient (about 6–10%) of monosac-
charides and disaccharides, such as glucose, fruc-
tose and sucrose. A more refined type of inulin, 
a ‘high performance inulin,’ is now commercially 
available. It has an average degree of polymeriza-
tion of 25 monosaccharide units and the advan-
tage of causing less gastrointestinal side effects, 
such as flatulence and abdominal tension [131].

FOS can be produced in two ways: through 
enzymatic hydrolysis of inulin extracted from 
chicory, using the inulase enzyme of Aspergillus 
niger, or through enzymatic synthesis from 
sucrose. The resulting FOS show an average 
degree of polymerization of four monosaccha-
ride units and can be made up of only fructose 
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chains or of a combination of fructose and ter-
minal glucose.

Meanwhile, GOS are a blend of olygominer-
als made up of one glucose molecule and a few 
galactose molecules. They are naturally found 
in foods such as legumes, dairy, and some fer-
mented milk products. They are obtained from 
lactose biosynthesis induced by -galactosidase 
of Aspergillus oryzae (6-galactosyl-lactose), which 
catalyzes trans-galactosylation reactions differ-
ently from human -galactosidase that hydro-
lyzes lactose into glucose and galactose. GOS 
are characterized by a degree of polymerization 
that ranges between two and eight monosac-
charide units and by 1-6 linkages. Among them 
are galactose (1-6) glucose, galactose (1-6) 
galactose, galactose (1-3) glucose, and galactose  
(1-2) glucose. The first two are found in yogurt 
and in some fermented milk products and, 
unlike lactose, they can resist the digestive action 
of human lactase because of the (1-6) bond.

Toxicology investigations have excluded 
any mutagenic, carcinogenic or teratogenic 
action by the previously described NDOs [132]. 
Furthermore, inulin and FOS have been classi-
fied as food ingredients and not as additives and 
have obtained the GRAS acronym (Generally 
Recognized As Safe). GOS have also been 
approved as natural ingredients and are exempted 
from the limitations provisioned by the European 
Community on new foods (novel foods) [133].

Companies in both Europe and the United 
States tend to use more inulin, GOS and FOS, 
while those in Japan utilize mostly isomalto-
oligosaccharides and xylo-oligosaccharides 
extracted from plants and synthesized from lac-
tose or sucrose [134]. A blend of scGOS:lcFOS 
(9:1 ratio) has been suggested for neonatal for-
mulas, with the intent of offering a prebiotic 
effect comparable to that of human milk [15, 105, 
107–109, 111, 125, 134, 135].

There are many other reasons for wanting to 
evaluate the effectiveness of NDOs rather than 
single components [134]. First of all, the composi-
tion of the bacterial flora is extremely complex and 
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4

therefore various substrates could be needed for 
its development [26]. Another reason is the great 
structural variability of HMOS, which seems to 
be necessary in order to adequately stimulate the 
unique intestinal flora of breast-fed babies [78].

Mechanisms of Action
The mechanisms of action of the most studied 

and best known prebiotics are those of the oli-
gosaccharidic fraction of breast milk, and can be 
summarized as the following four main effects:

1. Biomass effect
A number of HMOS found in the large 

intestine (equal to 40–60%) have a 
‘biomass effect’ which promotes 
the selective development of the 
bifidogenous flora by reducing the 
percentage composition of bacteroids, 
clostrides and fusobacteria. The 
consequent fermentative metabolism 
determines the production of SCFAs 
(of which butyric acid is the most 
important), some amino acids (such 
as arginine, cysteine and glutathione), 
polyamines, growth factors, vitamins, 
and antioxidants. These substances play 
a crucial role in the nutritional needs of 
those species of bacteria that colonize 
the intestinal mucosa and participate 
in numerous metabolic processes. Even 
non-milk oligosaccharides, like FOS/
GOS and inulin, stimulate bifidobacteria 
and lactobacilli’s growth and activity to 
the detriment of bacteria of the genera 
Clostridium, Klebsiella, Enterobacter, and 
Bacteroides [136, 137]. Also, in addition to 
being used as a source of energy, SCFAs 
may have a trophic effect on the mucosa, 
can help reabsorb water, reduce intestinal 
pH, and make it less favorable for 
pathogenic germs to grow [5, 138, 139].

2. Fiber effect
Many HMOS in the large intestine (equal 

to about 30—50% of the total) have a 
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‘fiber effect’; they are expelled through 
the feces, increasing fecal mass and the 
number of defecations [84].

. Immunomodulant effect
HMOS also play an important 

‘immunomodulant effect.’ In fact, their 
fermentation by anaerobes produces 
the previously described SCFAs, such 
as butyrate, that can reduce epithelial 
cells’ glutamine requirements, in favor of 
immunocompetent cells [140].

. Anti-infective effect
The anti-infective effect is expressed through 

a direct and an indirect mechanism. The 
direct mechanism is linked to the chemical 
structure of HMOS, which is similar to 
that of the bonding sites recognized by 
the bacteria on the epithelium of the 
enteric mucosa. As a result, they act as 
‘soluble receptors,’ able to competitively 
bind to the pathogenic agents and their 
toxins and blocking their actions [76]. 
For example, mannose-rich glycoprotein 
can compete for the bond with type 1 
fimbriae of Escherichia coli, while sialo-
galactoside can bind to the S. fimbriae 
of the same germ. Concerning this, 
protective effects of HMOS against 
enteropathogenic E. coli, Campylobacter 
jejuni, Shigella spp., and Vibrio colerae 
gastroenteritis have been reported 
[141, 142]. This protective action of the 
oligosaccharide fraction of breast milk is 
also present in the upper respiratory tract, 
blocking the adhesion of some strains 
of S. pneumoniae and H. influenzae [143]. 
Table 27.3 shows a number of breast milk 
oligosaccharides which are able to act as 
specific ligands (receptors) that bind to  
pathogenic microorganisms, both  
bacteria and viruses. On the other  
hand, the indirect anti-infective effect  
is determined by a previously described 
decrease in intestinal pH [140]  
(Figure 27.1).
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2.5. Side Effects

A daily dose of prebiotics 20 g/day is gen-
erally well-tolerated, whereas higher doses can 
cause side effects such as flatulence, bloating, 
abdominal pain, and diarrhea [69, 126].

3. PRobIotICS

3.1. Definition

Probiotics are defined as live microorganisms 
with a positive influence on their host, and with 
the ability to improve the intestinal microbial 
equilibrium [144]. According to the Food and 
Agriculture Organization of the United Nations 
(FAO) and the World Health Organization 

tablE 27.3 Pathogenic bacteria and oligosaccharide 
receptors of breast milk

Bacteria Receptors

E. coli (type 1 fimbria) Glycoproteins with mannose

E. coli (thermostable 
enterotoxin)

Fucosylated oligosaccharides

E. coli Fucosylated tetra- and penta-
saccharides

E. coli (S. fimbria) Sialyl (2-3) lactose and 
glycoproteins
Mucins’ sialyl (2-3) 
galactosides

S. pneumoniae Neutral oligosaccharides

Pseudomonas aeruginosa Gal(1-4) GlcNac o Gal (1-3) 
GlcNac

C. pilory Sialyl lactose

Streptococcus sanguis Sialyl lactose

C. pillory Sialyl lactose and sialyl 
glycoproteins

M. pneumonia Sialyl (2-3) glycoproteins

M. pneumoniae Sialyl p-N-acetyl-lactosamine

Influenza virus A Sialyl (2-6) lactose

Influenza virus B Sialyl (2-6) lactose
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(WHO), they are defined as ‘live microorganisms 
which when administered in adequate amounts 
confer a health benefit on the host’ [145].

Probiotics were first introduced in the twen-
tieth century by the Russian Nobel prize win-
ner Ilya Mechnikov. Mechnikov suggested that 
the longevity of Bulgarian farmers was directly 
linked to their daily consumption of fermented 
milk products containing large amounts of live 
non-pathogenic bacteria like Lactobacillus bul-
garicus, which can modify human intestinal flora 
in favor of microbial species useful to the host 
organism [146].

To be defined as probiotics, these bacteria 
must also meet some specific criteria listed by 
the European Union [47]:

l Detailed definition and typing.
l Lack of pathogenic effects (i.e., production 

of enterotoxins and cytotoxins, 
enteroinvasiveness, adhesion of pathogens, 
hemolysis, serological pathogenicity, 
presence of antibiotic-resistant genes).

l Resistance to gastric acidity and to bile.
l Ability to adhere to the intestinal epithelium.
l Ability to colonize the colon.
l Proven clinical effect on health.
l Safety [148].
l Competitive antagonism against pathogenic 

bacteria [13].

Some researchers suggest that probiotic bac-
teria need to have ‘human origins’ and must be 
administered in their live form [149, 150].

3.2. Characteristics

Bacteria used for their probiotic effects are 
listed in Table 27.4. Those more frequently inves-
tigated by pediatric clinical trials belong to the 
Lactobacillus, Bifidobacterium, and Streptococcus 
genera [51–154]. The most frequently stud-
ied probiotic agents of the Lactobacillus genera 
are LGG, L. acidophilus, L. casei, L. johnsonii, and  
L. reuteri. LGG is the most studied Lactobacillus in 
humans. The most frequently studied probiotic 
 AND HEALTH
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↑ Mucosal trophism

↓ Intestinal pH

↓ Intestinal pH

H2O absorption

Biomass effect

Selective increase
Bifidobacteria

Gas

SCFA

Energy-giving substrate

Fiber effect

NDOs

Increase in daily
stool number

Direct Indirect

Anti-infective effect

Soluble receptors

Immunomodulant effect

FIGURE 27.1 Non-digestible oligosaccharides (NDOs) activity: This figure shows the mechanisms of action of 
non-digestible oligosaccharides that can be summarized in the Biomass effect which results in a selective increase of  
bifidobacteria colonies; the Fiber effect which results in an increase of stool; the Anti-infective effect which results in a 
direct mechanism (due to the chemical structure of NDOs which results as soluble receptors for pathogenic agents) and 
an indirect mechanism (reduction of intestinal pH); and the Immunomodulant effect due to the fermentation of NDOs by 
anaerobes that produces SCFAs in favor of immunocompetent cells.
tablE 27.4 Main probiotics

Lactobacilli Lactobacillus acidophilus

Lactobacillus rhamnosus  
GG (LGG)
Lactobacillus shirota
Lactobacillus bulgaricus
Lactobacillus reuteri
Lactobacillus brevis
Lactobacillus plantarum
Lactobacillus casei

Gram-positive cocci Streptococcus thermophilus
Streptococcus intermedius
Streptococcus -emolitico
Streptococcus faecium

Gram-negative cocci Escherichia coli

Bifidobacteria Bifidobacterium bifidum
Bifidobacterium infantum
Bifidobacterium longum
Bifidobacterium thermophilus
Bifidobacterium lactis

Yeasts Saccharomyces boulardii
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agents of the Bifidobacterium genera are B. breve, 
B. infantis, B. lactis, and B. longum. S. thermophilus 
is the most popular organism of the Streptococcus 
genera. Besides these species of bacteria, there are 
also some yeasts, such as Saccharomyces boulardii, 
that act as probiotics.

Baby formulas and probiotic rich foods are 
widely available worldwide. In North America, 
a detailed description of the specific strain and 
the amount of probiotics contained in beverages 
and other foods have been well-documented for 
probiotics such as LGG, L. casei and L. reuteri. In 
baby formulas starting from birth, and which 
can be marketed for that specific use, B. lactis is 
the only probiotic bacteria that has undergone 
FDA evaluation in order to be used.

Undoubtedly, probiotic bacteria are most 
effective when safely and adequately integrated 
into one’s diet. However, if used for therapeu-
tic purposes, they should be ingested via cap-
sules or tablets. It is important to remember 
 AND HEALTH



4513. PROBIOTICS
that when used in pediatrics, as a preventive 
approach (e.g. in the case of acute diarrhea, and 
antibiotic-induced diarrhea and allergy) their 
long-term use is more practical if the chosen 
bacteria are incorporated in the diet through 
infant formula, yogurt, fermented milk, or 
other beverages or foods consumed during the 
weaning process. Relative to daily supplement 
use, this approach helps with compliance and 
it reduces costs [6]. Another problem with pro-
biotics is their stability; some may need to be 
refrigerated, unlike others, such as S. boulardii, 
which are yeasts [155].

To achieve a physiological and therapeutic 
effect, the daily dose of probiotic needs to be  
in the 108–1010 cfu range [156]. It is impossible 
to set more specific limits since it is very diffi-
cult to estimate the number of available bacteria 
that will reach their targets alive. This depends 
largely on the technique used to prepare them. 
However, the quantity needed can depend on 
the species being used, on the target, and on the 
host organism.

3.3. Mechanisms of action

The mechanisms of probiotic action on human 
organisms can be subdivided into direct and 
indirect mechanisms (Table 27.5). Direct mecha-
nisms are based on the competition between 
good microorganisms, Lactobacillus spp. and 
Bifidobacterium spp., and pathogenic microor-
ganisms, Bacteroides spp. and E. coli, by creating 
an unfavorable environment for colonization by 
pathogens [157].

The following probiotic action mechanisms 
support the above hypothesis: competition 
with pathogens for certain nutrients, com-
petitive inhibition of pathogens’ reception sites; 
reduced permeability of the mucosa by increasing 
tight junctions adhesion; inhibition of bacterial  
translocation; production of bacteriostatic organic 
acids (bacteriocidins); lower luminal pH; and 
change in the composition of mucins; hydrolysis  
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of receptors and toxins; production of IL-10 
and TGF-; and the lack of production of pro-
 inflammatory cytokines, such as TNF-, IL-1, IL-6,  
IL-8 and IL-12 [18, 43, 158–171].

The indirect, or immunomediated, probiotic 
action mechanisms consist of increasing the 
intestinal barrier function and in modifying 
the immune response. Many tests have shown 
that these bacteria can positively influence the 
intestinal microbial composition, the barrier 
and permeability of the mucosa, as well as the 
development and selectivity of GALT [172–174].

tablE 27.5 Mechanisms of probiotic action

Direct Competition competition for 
nutrients
competition for 
adhesion receptors 
or sites
production of 
bacteriocidins
production of 
zoludina
production of SCFA
change in mucins’ 
composition
↓luminal pH
↓mucosal 
permeability

Indirect or 
immunomediated

Immune 
exclusion

↑production of 
mucus
↑secretion of IgA 
and IgM
stimulation of 
peristalsis
degradation of toxin 
receptors

Immune 
elimination

activity of 
complement, 
neutrophils and 
mastocytes

Immune 
regulation

tolerance to foods 
and commensal 
bacteria
↑IL-10 and TGF-
↓TNF
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Studies have shown that probiotics act by 
strengthening the three intestinal immune 
defenses, which are:

1. ‘immune exclusion’ which uses secretory 
IgAs and IgMs and other factors such as 
mucus, peristalsis, and proteolytic  
activity;

2. ‘immune elimination’ which uses the activity 
of complements, neutrophils, macrophages, 
and mastocytes;

3. ‘immune regulation’ which allows foods 
and commensal bacteria to be well tolerated, 
owing to a specific phenomenon of 
hypo-responsiveness.

Furthermore, as described in numerous  
in vitro and in vivo studies, probiotics have 
been reported to have positive effects on intes-
tinal as well as systemic mucosal immunity. In 
fact, some lactobacilli strains can modulate the 
organism’s cytokine pattern in an anti-atopic 
direction. Probiotics modulate intestinal inflam-
mation by increasing the production of cytokines 
by T cells and macrophages, promoting the Th1 
cytokine profile, increasing anti-inflammatory 
cytokines, and reducing the production of pro-
 inflammatory cytokines [175–184]. Hence, by 
influencing the composition of gut microflora, 
probiotics act on various aspects of the immune 
response, such as the non-specific, humoral, cell-
mediated component as well as the one based 
on cytokine production and regulation.

3.4. Side Effects

A few cases in the literature have reported 
side effects produced by probiotics. There 
are very few cases of fungemia caused by 
Saccharomyces boulardii in severely compromised 
patients who were undergoing a wide spectrum 
antibiotic treatment [185, 186]. Probiotics that 
contain enterococci could be a problem for pre-
term infants as they can cause neonatal sepsis.  
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Lactobacillus spp. seem to be a safer option as 
they are associated with lower risks of side 
effects. Finally, there is a possibility that pro-
biotics may transfer to pathogenic germs their 
antibiotic resistance traits, of which probiotics 
are often carriers. This problem does not exist 
with lactobacilli since their antibiotic resistance 
has been coded on a chromosome that cannot 
be transferred. Nevertheless, the risk of trans-
ferring genetic material should be investigated 
further [187].

4. SyMbIotICS

Another strategy for modifying the intesti-
nal ecosystem involves the use of symbiotics 
[188]. The term symbiotic refers to a ‘blend of 
prebiotics and probiotics that benefits the host 
organism, improving the survival and implan-
tation of live microbial dietary supplements in 
the gastrointestinal tract by selectively stimulat-
ing growth or by activating the metabolism of 
one or a few bacteria with beneficial effects on 
the health of the host organism’ [67]. However, 
symbiotics have yet to be used in children.

There are numerous potential combinations 
of different bacterial species of the available 
probiotics and the various types of prebiotics. 
However, there is still not adequate clinical data 
describing the possible synergistic and additive 
activity of these combinations [189].

5. USE oF PREbIotICS IN 
PEDIatRICS

In 2004, ESPGHAN’s Committee on Nutrition 
declared that, based on current knowledge, 
prebiotics should not be recommended for pro-
phylactic and therapeutic use in infants [190]. 
However, in the intervening few years, many 
studies have been conducted in order to evaluate  
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the use of prebiotics in infants with two specific 
goals:

1. To verify if non-milk oligosaccharides can 
mimic the prebiotic effect of breast milk.

2. To verify if non-milk oligosaccharides 
also have a positive effect on post-natal 
development of the immune system, such 
as providing protection from infections and 
allergies.

5.1. Non-milk oligosaccharides and 
Prebiotic Effects of breast Milk

A few studies have demonstrated that non-
milk oligosaccharides are able to mimic the 
prebiotic effects of breast milk by significantly 
increasing Bifidobacterium spp., by lowering 
fecal pH, and by increasing the production of 
SCFAs. Two studies conducted in 2002, one 
on full-term infants and the other on preterm 
infants, have shown a significant and dosage-
dependent increase in the number of bifidobac-
teria whose fecal concentrations were equal to 
those of breast-fed infants, as well as lower fecal 
pH, an increased number of daily defections, 
lesser fecal density, good tolerance, and no side 
effects [105, 125]. Both studies used a 9:1 ratio 
blend of GOS and FOS.

The bifidogenic effect is often associated with 
lower fecal pH and a change in the pattern of 
SCFAs [88, 103, 105, 108, 115]. Studies that used 
GOS or blends of scGOS/lcFOS showed lower 
fecal pH, while those that used only scFOS did 
not [87–89, 97]. In studies where infant milk for-
mulas contained blends of scGOS/lcFOS, the 
SCFA pattern found in stool was similar to that 
of the stool of breast-fed infants [108].

A bifidogenic effect and an increased produc-
tion of SCFAs were observed even when milk 
formulas were integrated with inulin [191, 192].

Some studies have focused on the effects of 
prebiotics on the development of various bifi-
dobacteria species. These studies showed that 
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scGOS/lcFOS blends promote the growth of  
B. infantis while reducing levels of B. adolescentis. 
A study conducted by Moro et al. on full-term 
infants showed how, for a period of 6 weeks 
during which a group of infants were breast-
fed, the number of B. adolescentis bacteria (70%) 
decreased to about 20% in the first 5 days of life, 
while the number of B. infantis bacteria increased 
[105, 120]. Similar results were obtained in the 
group of infants fed formula integrated with 
scGOS/lcFOS prebiotics, but not in the group 
fed formula without prebiotics.

5.2. Non-milk oligosaccharides  
and the Prevention of Infections and 
allergies

Numerous studies have shown that some 
non-milk oligosaccharides, alone or in blends, 
have immunomodulant and protective effects 
and can significantly reduce the incidence of 
infections and allergies in infants. Saavedra et al. 
reported that supplementing weaning foods 
with scFOS (0.55 g/15 g of cereal; 1.2 g/day) 
resulted in fewer infections [90]. Firmansyah 
et al. reported an increase (p  0.05) of plas-
matic levels of IgGs after vaccination in children 
alimented with cereal foods integrated with 
scGOS/lcFOS prebiotics [102].

Moro et al. reported a lower cumulative 
incidence of atopic dermatitis diagnosed using 
international criteria (9.8 vs 23.1%; p  0.014) 
and a lower percentage of infections (47 vs 21; 
p  0.01) in a group of high-risk infants fed 
with a scGOS/lcFOS supplemented formula, 
compared to those fed with non-supplemented 
formula [105, 193].

A follow-up study carried out 2 years after 
the experiment further confirmed the hypoth-
esis that prebiotics can reduce the incidence of 
allergic symptoms [115]. Supplementing with 
prebiotic blends leads to an anti-allergic immu-
noglobulin profile as it allows for significant 
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reductions in blood levels of IgE, IgG1, IgG2, 
and IgG3, though not IgG4 [116]. In a study 
conducted on a population of 326 full-term 
newborns, the use of a formula supplemented 
with a blend of scGOS/lcFOS prebiotics led to 
a reduced incidence of infections during the 
first years of life (acute diarrhea, 0.13  0.39 vs 
0.26  0.53 episodes/baby/year, p  0.02;   3 
episodes of upper respiratory tract infections, 
22/169 vs 36/173, p  0.06; number of babies 
who underwent more than two cycles of anti-
biotics/year, 32/84 vs 59/87, p  0.01) [122]. 
Duggan et al. did not observe any effect of 
scFOSs on the clinical course and incidence of 
diarrhea [94].

Arslanoglu et al. conducted a double blind, 
randomized, controlled study on 134 full-term 
infants with a family history of atopy. Of these 
134 infants, 66 received a hypoallergenic for-
mula supplemented with 8 g/L of a scGOS/
lcFOS blend, while the remaining 68 received 
a placebo formula supplemented with 8 g/L of 
maltodextrin during the first 6 months of their 
lives. The goal of the study was to evaluate 
the incidence of allergic manifestations (atopic 
dermatitis, recurring episodes of wheezing, 
and allergic urticaria) and of infections (mostly 
recurring infections of the urinary tract, infec-
tions requiring antibiotics, fever) not only dur-
ing the period investigated, but also later by 
conducting follow-up examinations during the 
first 2 years of life. The authors had previously 
demonstrated that prebiotics could significantly 
reduce the incidence of atopic dermatitis and 
infections in infants with a high risk of allergy 
during the treatment period. However, with this 
particular study, the authors not only confirmed 
a reduced incidence of allergies and infections, 
but also showed that the early use of probiotics 
supplemented formulas has a preventive action 
long after the dietary intervention. This effect 
was produced when the dietary intervention 
was commenced very early (during the second  
week of life) and continued for 6 months, a 
 critical time of life when it is possible to program  
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long-lasting effects on the immune system  
(programming effect). Consequently, during 
the 18 months after the treatment, the following 
observations were made: a reduced total inci-
dence of atopic dermatitis by over 50% (27.9% in 
the placebo vs 13.6% in the group treated with 
the scGOS/lcFOS blend) as well as a reduced 
incidence of other allergy related symptoms.  
In addition, infants who had taken scGOS/
lcFOS supplements developed fewer upper 
respiratory infections (p  0.01), fewer infec-
tions of the urinary tract (p  0.06), and fewer 
antibiotic treatment cycles than the placebo 
group (p  0.05). These data demonstrate that 
an early use of a prebiotics blend significantly 
reduces the incidence of infections, allergies, 
and use of antibiotics in the first 2 years of  
life [117, 120, 194].

In light of all these studies, it can be concluded 
that the use of prebiotics, mostly GOS/FOS 
blends, in young children could contribute to 
the priming mechanism of the intestinal immune 
system. This effect may be achieved by promot-
ing mechanisms of immune tolerance, which 
are the basis of the lower incidence of infections  
and allergies in the first years of life as well as 
in adulthood.

5.3. Non-milk oligosaccharides and 
other Effects

A common effect of non-milk oligosaccha-
rides is the regulation of the alvus and the pro-
duction of a softer stool with a positive effect 
in the event of functional constipation [195].  
A few studies have shown that supplement-
ing an adolescent’s diet with 16.8 g of FOS can 
increase calcium absorption by 12%, while the 
data on the positive effects of non-digestible 
oligosaccharides on lipid metabolism are con-
troversial [196–200]. With regard to this issue, 
it has been hypothesized that fructans could 
inhibit the lipogenic enzymes of the liver and 
modulate insulinemia [201].
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6. USE oF PRobIotICS IN 
PEDIatRICS

The following characteristics were extrapo-
lated from a comprehensive investigation of the 
literature of published works examining the use 
of probiotics in pediatrics:
l they are particularly numerous;
l many of the studies were randomized 

controlled clinical trials or meta-analyses;
l not all of the studies provide effective clinical 

evidence; the substantial heterogeneity 
of these works greatly complicates the 
interpretation of the results and consequently 
makes it difficult to draw univocal and 
generalizable conclusions.

Despite these obstacles, it is possible to draw 
some conclusions about the clinical effective-
ness of probiotics by examining the most signif-
icant literature on each pathology. In particular, 
there is strong evidence indicating that probiot-
ics have preventive and therapeutic effective-
ness on pathologies such as acute diarrhea, 
 antibiotic-associated diarrhea, NEC, and allergic 
pathology. However, current knowledge cannot 
confirm the safe effectiveness of probiotics in 
the treatment of the other pathologies.

7. aCUtE DIaRRHEa

To consider diarrhea, we must examine the 
different clinical pictures that share similar his-
topathological changes in the normal equilib-
rium of the intestinal ecosystem, especially of the 
endogenous microflora. Diarrhea can result from 
viral or bacterial infection of the gastroenteric 
tract (viral or bacterial coloenteritis, traveler’s  
diarrhea) [3, 172, 202]. The mechanisms that could 
explain the effectiveness of probiotics in treating 
acute diarrhea are:

l the promotion of the intestinal barrier 
function;
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l inhibition of the adhesion and colonization 
of the mucosa by pathogenic bacteria;

l facilitation of interaction with the innate 
and adaptive immune systems of the host 
organism;

l stimulation of the production of antigen-
specific IgAs [203].

Numerous clinical trials have been conducted 
in order to examine the role of probiotics in the 
treatment and prevention of acute diarrhea. 
LGG, L. plantarum, L. casei shirota, some strains of 
Bifidobacterium spp., and Streptococcus thermophilus 
have been the most studied probiotics in the 
treatment of acute diarrhea; they can significantly 
reduce its durations and symptoms, especially if 
caused by a Rotavirus [204–210]. Numerous meta-
analyses and randomized and controlled clinical 
trials have shown that probiotics can significantly 
reduce the duration of acute diarrhea symptoms, 
by about one day, along with their severity and 
hospitalization time [209, 211–219].

LGG is the probiotic that has been subjected 
to the most investigations and has had the most 
consistent results [212, 214]. LGG significantly 
reduces the duration of diarrhea and the excre-
tion of Rotavirus following acute diarrhea; it 
does so by stimulating a specific anti-Rotavirus 
immune response [220].

Interestingly, one meta-analysis showed a 
significant relationship between the dose given 
and a reduction of the duration of diarrhea. In 
fact, results have demonstrated how, in order  
to obtain a consistent therapeutic effect, the 
threshold dose must be higher than 10 million 
‘colony-forming units’, making it possible to 
surpass ‘resistance to colonization’ [212, 221].

Probiotics can also be used to prevent acute 
diarrhea. A prospective, double blind, randomized 
study conducted in five centers in France inves-
tigated three different infant formulas sup-
plemented with probiotics or symbiotics. The 
treatment period lasted 8 months and each 
infant underwent 14–16 weeks of treatment. This 
study demonstrated that the B. longum BL999 
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and L. rhamnosus LPRs blend can have a long-
term effect and significantly reduce the incidence 
of diarrhea even 5 months after treatment [222]. 
The study also confirmed the safety of various 
blends of probiotics and prebiotics. Many other 
clinical trials have also shown how the use of 
probiotics in childhood significantly reduces the 
incidence of acute diarrhea [216, 217, 223–225]. 
Furthermore, it was demonstrated that the use 
of LGG and/or bifidobacteria supplements is 
very effective in the treatment of other types of 
acute diarrhea in infants, such as nosocomial 
associated diarrhea (and diarrhea in children 
from developing countries) [218, 223, 226–229].

Finally, a meta-analysis of 34 randomized 
and placebo-controlled trials showed that pro-
biotics can significantly reduce the risk of con-
tracting acute diarrhea in pediatric age by 57% 
(confidence interval: 35–71%), as well as the 
incidence of hospitalization and its duration. 
The protective effect of the probiotics strains  
B. lacti, LGG, L. acidophilus and S. boulardii used, 
can overlap [230]. The use of specific strains 
of E. coli (Nissle 1917 strain and the O83:K24:
H1 strain) has been reported to prevent the 
occurrence of diarrhea even in preterm infants  
[231, 232]. In conclusion, studies reported thus 
far indicate that some types of probiotic bacte-
ria, mostly LGG, can effectively treat and pre-
vent acute diarrhea in children.

8. aNtIbIotIC-aSSoCIatED 
DIaRRHEa

About 20% of pediatric patients who take anti-
biotics can develop antibiotic-associated diarrhea 
(AAD) [233]. In fact, antibiotics can directly affect 
the resident microflora by compromising resist-
ance to intestinal colonization by pathogens and 
by facilitating the growth of these microorgan-
isms, most commonly Clostridium (sp. difficile). 
Surwicz et al. demonstrated that the simultane-
ous administration of Saccharomyces boulardii 
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with antibiotics caused a decrease in the inci-
dence of AAD by over 50% [234, 235]. The same 
result was confirmed in a randomized, double 
blind study as well as by other subsequent meta-
analyses following the use of LGG and/or other 
lactobacilli [226, 236, 237].

A meta-analysis of six randomized and 
controlled studies involving 766 infants 
showed that probiotics like LGG, B. lactis, and  
S. thermophilus, significantly reduced the risk of 
AAD from 28.5% (the placebo level) to 11.9% 
[238]. A specific subgroup of AAD is caused by 
Clostridium (sp. difficile); this bacterium is respon-
sible for pseudo-membranous colitis. In 1987, 
Gorbach et al. conducted one of the first stud-
ies to demonstrate that LGG reduces episodes 
of recurring diarrhea caused by Clostridium  
(sp. difficile) [239].

Futhermore, LGG can help stop recidivism of 
the infection caused by Clostridium (sp. difficile) 
in both adults and children [204, 226, 236, 237, 
240–248]. In conclusion, based on the cited work 
and on the meta-analyses conducted, it appears 
that probiotics can significantly reduce the risk 
of AAD.

9. NECRotIzING ENtERoColItIS

Necrotizing enterocolitis (NEC) is an intes-
tinal inflammatory disease typical of preterm 
infants characterized by the loss of the integ-
rity of the intestinal mucosa, causing tube feed-
ing intolerance, blood in the stool and intestinal 
pneumatosis. It is also accompanied by sys-
temic inflammatory response accompanied by 
cardio-respiratory complications and severe 
hemodynamic instability. The preterm infant is 
particularly susceptible to NEC because of the 
following factors: delayed intestinal coloniza-
tion, colonization of environmental microbes 
found in the ICU, prolonged use of antibiotics, 
lack of exposure to the mother’s normal flora 
and to breast-feeding, immature mucosa, and 
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increased risk of antigenic and bacterial translo-
cation [33]. These observations strongly support 
the hypothesis that composition and equilib-
rium of the microflora play a crucial role in the 
physiopathology of NEC [249, 250]. The follow-
ing is a summary of the mechanisms with which 
probiotics could prevent NEC:

l Increase in commensal microflora and 
reduction of colonization and adhesion to the 
mucosa by pathogenic bacteria.

l Improvement in the integrity of the intestinal 
mucosal barrier toward the translocation 
of bacteria and bacterial products in to the 
bloodstream.

l Modulation of intestinal inflammation in 
response to exposure to bacterial products.

l Improvement in tolerance mechanisms.
l Anticipation in shifting toward tube feeding 

[29, 36, 249–252].

The potential benefits of probiotics in pre-
venting NEC are also supported by previous 
studies conducted with animals [253].

In 1999, a study conducted by Hoyos was 
the first to show that probiotics can lower the 
incidence of NEC in preterm infants [151]. In 
this study, 1,237 patients of various NICUs in 
the city of Bogota (Colombia) were treated with  
L. acidophilus and B. infantis probiotics during 
their entire hospitalization. The incidence of 
NEC and related mortality were significantly 
lower (p  0.0002 and p  0.005, respectively) 
compared to the 1,282 infants hospitalized in 
the same units the year before, who did not 
receive any probiotic treatment.

Similarly, three successive randomized and 
controlled clinical trials investigated probiotics 
and their ability to reduce the risk of NEC. Two of 
these three trials showed a significant reduction  
in the incidence (p  0.05) of NEC, compared 
to the control group, after administering  
L. acidophilus with B. infantis to one group and 
administering B. infantis with S. thermophilus 
and B. bifidus to the other group [153, 154]. In a 
multicentric study conducted in 2002 by Dani, 
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the use of LGG did not appear to significantly 
reduce the incidence of NEC, bacterial sepsis, or 
urinary tract infections [152]. However, many 
other studies have demonstrated that probiotics 
are effective in reducing NEC [171, 254–257].

A meta-analysis of randomized and control-
led trials has examined probiotics’ effectiveness 
in reducing stage 2 or higher of the NEC. The 
study was comprised of seven trials, involving 
a total of 1,393 infants. NEC occurred in 6% of 
infants who had received the placebo and in 
only 2% of those who had been treated with 
probiotics [258].

Therefore, a large number of studies, repre-
sented mostly by randomized and controlled 
clinical trials, have confirmed that some types 
of probiotics are extremely effective in reducing 
the incidence and severity of NEC in preterm 
and very low birth weight (VLBW) infants.

10. allERGy

Studies have reported that the incidence of 
atopic diseases in children with a family history 
of allergy reaches 50% by the age of 2 years old 
[259]. In the literature, the cumulative incidence 
of atopic dermatitis ranges between 13 and 44%, 
showing an increasing trend in recent decades. 
The etiology of allergic diseases is multifacto-
rial. However, since familial history is one of the 
most important predictive elements, primary 
prevention among high-risk infants is crucial 
[260, 261].

Given that a low quantity of bifidobacte-
ria and lactobacilli in the gut microbiota pre-
cedes the development of allergic diseases, it 
is believed that those agents that modulate gut 
microbiota, such as prebiotics and probiotics,  
could be very useful in primary prevention 
[117, 260–274]. Some authors believe that the 
high rate of allergic diseases in developed 
countries is due to excessive hygiene, which 
causes infants and babies to be less exposed to 
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microbial stimuli, thereby facilitating type Th2 
immune responses (hygiene hypothesis) [3]. In 
fact, the immune pathology of atopic diseases is 
characterized by a Th2 response against ubiqui-
tary environmental allergens or food allergens 
[275]. The factors that cause an inappropri-
ate type Th2 response, and consequently aller-
gic diseases, are still quite unknown in early 
immune development. The Th2 type response 
is regulated by both Th1 type responses, which 
are usually directed against infectious agents, 
and by the tolerogenetic responses of regulatory 
T cells. Resident intestinal bacteria are impor-
tant maturation signals for the development of 
the infant’s immune system. A number of epi-
demiological studies have reported that changes 
in the composition of the infant’s gut microbiota 
are often associated with the development of 
allergic diseases: before developing sensitivity 
to allergens, atopic babies showed lower num-
bers of bifidobacteria in their gut microbiota 
than that observed in non-atopic babies. The 
hypothesis is that bifidobacteria can effectively 
promote tolerance of non-bacterial antigens, by 
inhibiting primarily the development of a type 
Th2 response (pro-allergic) [6]. The mechanisms 
of action for probiotics could be summarized as 
follows: modulation of the initial microbial col-
onization, intraluminal breakdown of allergens, 
promotion of intestinal barrier function, promo-
tion of immune system maturation by inducing 
the production of secretory IgAs, modulation 
of dendritic cells, and induction of regulatory  
T cells [276].

Numerous clinical trials that have examined 
the use of probiotics in the prevention and treat-
ment of atopic dermatitis and in the treatment 
of allergic rhinitis have shown a significant 
decrease in the incidence and severity of these 
pathologies [263, 264, 277–288]. One of the first 
studies implicating probiotics in the prevention 
of allergic diseases in infants, which involved 
the infants’ mothers, dates back to 2001 
[263]. The goal of this double blind, placebo- 
 controlled study was to evaluate the ability  
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of probiotics to reduce the risks of atopic dis-
eases in infants, by administering LGG or pla-
cebo to 159 mothers of babies with a high risk 
of developing an allergic disease. The treatment 
started 2–4 weeks prior to delivery and con-
tinued until the mothers had breast-fed their 
babies for the first 6 months of life. The babies 
of the mothers who had received the probiotic 
treatment showed a significant reduction in the 
incidence of atopic eczema in the first 2 years of 
life (15/64, 23% vs 31/68, 46%).

In a second clinical trial, both probiotics 
(administered to the mothers and the infants) 
and prebiotics (infants only) were used [265]. The 
rationale for also giving probiotics to the mothers  
was confirmation in a study that showed how 
allergic mothers have lower concentrations of 
TGF-2 in their milk [289]. The TGF-2 found 
in breast milk is critical because it increases the 
ability of the intestinal mucosa to produce IgA, 
and thereby induces immune tolerance in infants  
[290, 291]. In fact, probiotic supplementation 
(LGG and B. lactis Bb-12) increases TGF-2 con-
centrations in breast milk [259, 292, 293].

Another situation in which using probiotics 
such as LGG, B. lactis, L. fermentum, or L. reu-
teri could be very useful in helping to acquire 
immunological tolerance, occurs during wean-
ing. With respect to this, several studies have 
shown an improvement in atopic dermatitis and 
reduced serum levels of inflammatory mark-
ers [278, 280, 281, 285, 294]. Saglani et al. have 
reported that the typical clinical picture of adult 
allergy-induced asthma is already present in 
childhood in the form of wheezing (between the 
first and third years of age) [295]. Four meta-
analyses have demonstrated the effectiveness of 
probiotics in preventing and treating atopic der-
matitis and food intolerance [264, 296–298].

In conclusion, in light of the large amount of 
qualified work represented by both randomized 
and controlled studies as well as by meta-analyses,  
some types of probiotics have been shown to be 
effective in treating atopic diseases and in pri-
mary prevention among subjects at risk [299].
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11. otHER PEDIatRIC USES

11.1. Constipation

Constipation is a very common symptom in 
young children and at all socio-economic levels 
[300–302]. It is characterized by slower intes-
tinal movement, by less amounts of/thicker 
stool, by sometimes painful defecation, and also 
by discomfort, bloating and abdominal swelling 
[47]. It can be distinguished into functional and 
organic constipation. It is estimated that func-
tional constipation affects 12 to 30% of the gen-
eral population.

The rationale for using probiotics in the treat-
ment of constipation is based on three possible 
effects:

l decreased sigmoid tone;
l stimulation of colon motility;
l reduced intestinal motility time due to 

changes to the gut microflora [303].

A double blind, randomized, controlled study 
with placebo on the effectiveness of adding LGG 
to lactulose in the treatment of infants with con-
stipation, did not show additional benefits [301]. 
However, a few other studies have demon-
strated that adding probiotics to milk or yogurt 
can reduce the time of intestinal motility and 
increase the daily amount of stool in constipated 
patients [304–307]. Koebnik et al. described sim-
ilar results [308] in a double blind, randomized, 
controlled study with placebo, on patients suf-
fering from chronic constipation treated with  
L. casei shirota for a period of 4 weeks. However, 
the debate on the effectiveness of treating consti-
pation with probiotics in children is ongoing.

11.2. Inflammatory bowel Disease

Crohn’s disease and ulcerative colitis are 
chronic and often crippling diseases, whose cur-
rent treatments are not very effective and can 
cause many side effects. It was ascertained that 
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changes to the function of the intestinal mucosa, 
which acts as a barrier, could allow endolumi-
nal antigen bacteria to chronically activate the 
immune and inflammatory cascade in subjects 
that are genetically predisposed. In fact, some 
bacterial products such as peptidoglycan, lipo-
polysaccharide, and microbial DNA (CpG), are  
able to selectively bind to membrane receptors  
(toll-like receptors, TLR1-TLR9) or to cytoplas-
mic receptors (NOD1 and NOD2) capable of 
activating nuclear transcription factor NFB  
and the transcription of pro-inflammatory, co-
stimulating cytokines, and adhesion molecules. 
The behavior of the resistant microflora of 
subjects affected by inflammatory bowel dis-
ease (IBD) can vary. Hence, the inflammatory 
response is the result of genetic predisposition, 
the loss of immune tolerance, and the behavior 
of the mucosal microflora [309].

The role of probiotics in IBDs could be  
linked to:

l aggressive inhibition of the microflora;
l improvement of the functions of the mucosal 

and epithelial barrier;
l modulation of the mucosal immune system 

[310].

This is why many researchers have intensi-
fied their investigations on the possible posi-
tive effects of probiotics in the treatment of 
IBDs [311–320]. Numerous studies examining 
the effect of probiotics on Crohn’s disease, on 
ulcerative colitis, and on pouchitis have been 
reported. While some positive effects have been 
observed in adults, pediatric studies have pro-
duced conflicting results thus far.

In two different studies Gionchetti et al. 
reported that the use of a blend of 8 VSL#3 pro-
biotics (four Lactobacillus spp. strains, three 
Bifidobacterium spp. strains, and one Streptococcus 
spp. strain, for a total of over 1012 cfu) effectively 
prevented and treated pouchitis, if administered 
immediately following the closure of a tempo-
rary ileostomy [321, 322]. Pouchitis is the result 
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of a complication of colectomy and ileostomy in 
ulcerative rectal colitis.

Another author reported that the risk of 
relapses in subjects who, after undergoing sur-
gery for Crohn’s disease, were treated for  
3 months with rifaximin and then with a blend of 
VLS#3 probiotics for another 9 months, was cut 
in half compared to subjects who were treated for  
12 months with only mesalazine (20 vs 40%) [323].

Another indication is the prevention of 
chronic pouchitis relapses after remission with 
metronidazole and ciprofloxacin [324, 325]. 
Similar effects were also obtained by adminis-
tering Lactobacillus spp. [326, 327].

At the time of writing, only a few positive 
results have been obtained with pouchitis, 
while no significant benefits have been obtained 
with Crohn’s disease and ulcerative rectal coli-
tis. Thus, further studies are necessary.

11.3. Irritable bowel Syndrome

In spite of the large number of studies in the 
literature, many doubts regarding the pathogen-
esis of irritable bowel syndrome (IBS) persist. 
Some researchers have hypothesized that its 
pathogenesis could derive from qualitative and/
or quantitative changes to the flora of the colon 
or of the small intestine with a reduction in the 
number of Bifidobacterium spp., or to a bacterial 
overgrowth of the small intestine, or to changes 
in the interaction between intestinal flora and 
the host organism. Meanwhile, a possible influ-
ence of the nervous system along the SNC-
intestinal axis cannot be excluded [328]. Despite 
the fact that few authors have confirmed these 
hypotheses, and report the same percentage of 
bacterial growth in patients affected by IBS as 
in the control groups, there are epidemiological, 
clinical, and experimental evidences that show 
that the occurrence and exacerbation of IBS can 
be linked to infections (post-infectious IBS or IBS 
that are concomitant to viral or bacterial gastro-
enteritis) or to the use of antibiotics [329–335].
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The intestinal biopsies of a number of sub-
jects affected by IBS showed changes to the 
fecal bacteria (reduced count of Lactobacillus 
spp. and Bifidobacterium spp. coliform bacte-
ria and an increased number of the Bacteroides,  
E. coli strains and anaerobes) and increased pro-
duction of intestinal gas [336–338]. These data 
could support the use of probiotics by subjects 
affected by IBS.

Pediatric trials published up to now have 
been conflicting. In fact, in one study Bausseman 
reported in 2005 that administration of LGG 
to 50 infants, for a period of 6 weeks, did not 
improve abdominal pain but did reduce the 
incidence of abdominal tension compared to the 
placebo [339]. But in other works it was clearly 
demonstrated that L. acidophilus did improve 
the symptoms in about half of the patients with 
IBS, that the blend of VLS#3 probiotics decreased 
abdominal swelling, while the combined use of 
L. plantarum and B. breve reduced pain intensity 
[340–342]. Faber administered probiotics alone 
(L. acidophilus and B. infantis for 4 weeks) or in 
combination with antibiotics (ciprofloxacin for 
the first week) to three different groups with IBS: 
one with diarrhea, one with constipation, and 
another with alternating diarrhea and constipa-
tion. Both therapeutic approaches have improved 
the quality of life and reduced symptoms in all 
three groups [343]. In conclusion, although the 
use of some types of probiotics on IBS appears 
promising, further studies are needed.

11.4. Helicobacter pylori Infection

A number of studies have reported that  
probiotics, especially L. acidophilus, L. brevis, 
LGG, and B. lactis, could in fact reduce possible 
side effects associated with traditional therapy, 
and signs of infection of the gastric mucosa 
reduced urease activity, reduced carnitine 
decarboxylase activity, and increased polyamine 
concentration [195, 344–346]. In a randomized 
prospective trial, one or three strains of probiotics  
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(L. casei defensis, S. thermophilus, and L. bul-
garicus) were given to babies affected by H. 
pylori colonization. A higher percentage of  
H. pylori eradication was observed only when 
all three strains of probiotics were administered 
in conjunction with the traditional triple therapy  
[347]. However, currently available reports do 
not recommend the use of probiotics to eradi-
cate or prevent H. pylori infections in pediatric 
patients.

11.5. lactose Intolerance

Lactose intolerance is a clinical syndrome 
caused by the inability to digest lactose. Its 
symptoms can include abdominal pain and 
distention, bloating, flatulence and/or pro-
fuse watery diarrhea, and sometimes nausea 
and vomiting [348]. Lactose is hydrolyzed into 
glucose and galactose by an intestinal lactase  
(-galactosidase), an essential glycoprotein 
of the microvillar membrane. The enzyme is 
located on the crypt-villus axis (mostly on the 
upper portion of the villus) making it very sus-
ceptible to mucosal insults.

There are two different types of lactose mal-
absorptions: a primary one and a secondary 
one. Primary lactose malabsorption is geneti-
cally linked and typical of Asian, African, 
African-American and Mediterranean popu-
lations [349–353]. Secondary lactose malab-
sorption is consequent to a variety of acquired 
diseases such viral gastroenteritis, celiac disease, 
and allergic (or eosinophilic) gastroenteritis and 
radiation enteritis, which damage the intestinal 
villi and almost always lactase.

In most people with low levels of intesti-
nal lactase, the lactose that is not absorbed in 
the small intestine reaches the colon, where it 
undergoes bacterial fermentation by the flora, 
forming SCFAs and hydrogen gas. The absorp-
tion of SCFAs by the colon mucosa reduces the 
effects of lactose malabsorption in many lactose 
intolerant subjects.
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Since probiotic bacteria (such as Lactobacillus 
spp. and Bifidobacterium spp.) increase the pro-
duction of -galactosidase (lactase), it is reason-
able to suggest that they could be used in the 
treatment of this condition in order to improve 
lactose digestibility in the small intestine and 
alleviate symptoms associated with its mal-
absorption [354–356]. In addition, probiotics 
could potentially help people who have diffi-
culty absorbing lactase, to digest it in two other 
ways: by either supplying the lactase enzyme or 
by restoring the normal intestinal bacterial flora 
in the event of secondary intolerances to viral 
infections or antibiotic treatments [357].

In 1985, Gilliland’s study was the first to 
demonstrate that probiotics can improve the 
symptoms of lactose malabsorption [358]. In 
two different clinical studies, lactose-intolerant  
subjects showed a significant reduction of their 
symptoms after eating probiotics-enriched 
yogurt [356, 359]. In conclusion, although the 
work of the cited studies is quite promising, 
further evidence is needed to confirm the role 
of probiotics in the treatment of the symptoms 
of lactose malabsorption.

11.6. Respiratory Infections

There remains scant data on the use of  
probiotics in the treatment and prevention of 
respiratory infections. The mechanisms by 
which probiotics could protect respiratory 
pathologies are still unknown. A few studies 
have reported that babies treated with LGG 
experienced fewer incidences of otitis, sinusi-
tis, bronchitis, and pneumonia than those  
not treated [360, 361]. However, a double blind 
placebo-controlled study reported that the 
administration of B. lactis Bb-12 or L. reuteri 
(ATCC 55730) did not have any protective effect 
[217]. Unfortunately, these data refer to a fol-
low-up that lasted only 12 weeks. Therefore, 
further studies are needed in order to verify the 
effectiveness of probiotics in the prevention and 
treatment of respiratory infections.
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11.7. Urinary tract Infections

Probiotics could be effective in the treatment 
of childhood unirary tract infections (UTIs) 
(mostly in females), especially with preterm 
infants [328, 362–364]. In the early 1970s, it 
became clear that most pathogens affecting the 
female urinary tract originated from her own 
intestinal flora, by traveling from the perineum 
across the vagina and to the bladder. This is 
why many studies have been conducted to bet-
ter understand the etiopathogenic role of E. coli 
in adult female UTIs [365–370].

The rationale behind using probiotics to pre-
vent UTIs originates from the interesting obser-
vation that after 1-week of oral treatment with 
some probiotic strains (L. rhamnosus GR-1 and 
L. fermentum RC-14) the same probiotic strains 
used in the oral treatment were isolated from 
the vaginal mucosa. Therefore, these lactobacilli 
could create a very effective microbiological bar-
rier that could interfere with vaginal coloniza-
tion and consequently with the colonization of 
the urinary tract by pathogens.

The role of lactobacilli in reducing the inci-
dence of UTIs was investigated for the first time 
in 1915. The study reported how the intravesical 
administration of some strains of Lactobacillus 
spp. was very successful in the treatment of 
women affected by cystitis [371]. The first 
evidence of the importance of endogenous 
lactobacilli in guaranteeing a urogenital micro-
environment hostile to the colonization by path-
ogens dates back to a study conducted in 1973. 
This study showed that women with UTIs had a 
lower vaginal colonization by Lactobacillus spp. 
than women without UTIs [372].

Moreover, a few studies conducted on pre-
term infants showed that LGG-supplemented 
formula had a trend toward reducing the inci-
dence of UTIs, but the trend did not reach sig-
nificance [152]. One randomized, controlled 
study reported that L. acidophilus and low doses  
of trimetoprim-sulfametoxazol have the same 
preventive effects on UTIs of babies affected 
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by primary vesico-ureteric reflux [373]. If 
Lactobacillus GR-1 and L. reuteri RC-14 are used 
endovaginally once a week, they can reduce 
recurrence of UTIs [374], and if used orally 
twice a day they can restore the normal vagi-
nal flora dominated by lactobacilli [375–377].  
A study conducted in 2001 reported the first 
clinical evidence of full remission from urogeni-
tal infections after taking probiotics orally [378]. 
These preliminary data could open the way to 
the use of probiotics in the long-term prophylaxis 
of UTIs, especially among children with predis-
posing anatomical factors such as RVU. Their use 
could help avoid side effects and the emergence 
of resistant strains associated with the long-
term use of antibiotics. Further investigations 
are needed to confirm the effectiveness of oral  
prebiotics on the incidence of UTIs in children.

12. CoNClUSIoN

A large number of competent animal and 
human works examining prebiotics and pro-
biotics have confirmed the safety and efficacy of 
functional foods during postnatal development 
of the immune system. They work by modify-
ing the intestinal microbial population and 
consequently improving the protective role of 
the intestine, as well as by stimulating defense 
mechanisms and facilitating immunological 
tolerance.

Studies of non-milk prebiotics have reported 
that GOS/FOS blends in particular mimic the 
prebiotic effect of breast-feeding by strengthen-
ing the immune system of infants and by offering  
a new method of preventing infections and 
allergies. Studies on probiotics have reported 
that when used in young children, they can  
prevent and treat viral diarrhea, reduce the risks 
of NEC in preterm infants, reduce the severity 
of antibiotic-associated diarrhea, and modulate 
the host’s immune response as they do with 
allergic diseases [379].
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C H A P T E R
1. INtROduCtION

Among the greater than 500 different micro-
bial species that inhabit the human intestinal 
tract [1], some microorganisms, termed pro-
biotics, can exert beneficial effects on the host 
by improving the intestinal microbial balance 
[2–4]. Probiotics are defined as live microorgan-
isms which, when administered in adequate 
amounts, confer a health benefit on the host 
[3]. Many lactic acid bacteria (LAB) have poten-
tial probiotic properties. Probiotics include 
mainly species of the genera Lactobacillus and 
Bifidobacterium [2, 5]. Considered to be essential 
components of the normal intestinal microbiota, 
probiotics can play an important role in intesti-
nal integrity, immunomodulation and pathogen 
resistance. Traditionally, many Lactobacillus and 
Bifidobacterium strains have been used as starter 
cultures in the fermentation of food and dairy 
products and as such, have been generally rec-
ognized as safe (GRAS) for human consumption. 
In addition, species of the genera Lactobacillus 
and Bifidobacterium have frequently been used as 
47 Foods in Promoting Health: Probiotics and Prebiotics 
health-promoting probiotic components in func-
tional food products, such as dairy products and 
dietary supplements [3, 6, 7].

Probiotics have increasingly been investigated 
for their potential to treat or prevent human 
disease. Studies indicate that administration 
of probiotics can prevent or treat certain condi-
tions, including atopic disease in infants, infec-
tion after surgery, acute diarrhea, symptoms 
associated with irritable bowel syndrome (IBS), 
recurring urogenital infections [8, 9], certain can-
cers, high serum cholesterol [10], and can have 
antagonistic characteristics against human path-
ogens [11, 12]. Probiotics may also counteract 
negative alterations to the normal GI microbi-
ota, which can contribute to certain GI diseases, 
such as inflammatory bowel disease (IBD) [13], 
IBS [14] and allergies [9, 15]. Possible probiotic 
mechanisms promoting human health include 
pathogen exclusion, nutrient supply to the host 
and immune modulation. Characterization of 
the intestinal microbial community and identi-
fication of the mechanisms responsible for the 
beneficial effects on human and animal health  
is needed. Furthermore, the benefits may be  
9 © 2010, Elsevier Inc. All rights reserved.
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specific to the probiotic bacteria strain, dose and 
the physiological, nutritional and immune status 
of the host. Consequently, in-depth research on 
potential probiotic strains must be comprehen-
sive and strain specific.

The microbial intestinal community has tra-
ditionally been studied using culture-based 
techniques; however, these methods are labor-
intensive, time-consuming, subject to erroneous 
interpretation [16], and can only assess 
approximately 40% of the gut microbiota [5]. 
Consequently, molecular methods have greatly 
increased our knowledge of the structure, 
diversity and factors influencing dynamics of 
the gut microbial community [17–21]. Within 
the last decade, the complete sequences of over 
100 bacterial genomes have become available. 
Although much of this focus has been on path-
ogenic genomes (including foodborne patho-
gens), recent interest has focused on sequencing 
the genomes of gut commensals and symbionts, 
as well as food-grade bacteria. Consequently, 
the availability of the complete and partial 
sequenced genomes provides immense potential 
to investigate the function of bacteria within the 
gut, thereby contributing to new or improved 
functional foods. one such technology that 
has capitalized on this wealth of information is 
microarray analysis.

2. INtROduCtION tO 
mICROARRAy teChNOlOGy

Microarray analysis could be used for detec-
tion and genotyping as well as for an unbiased 
genome-scale examination of gene expression 
patterns [19, 22], and is recognized as a large-
scale and high-throughput screening technique. 
expression profiling of nucleic acid fragments 
and genes encoding proteins, antibodies, bio-
synthetic pathways of carbohydrates and com-
ponents of tissues can be evaluated. The diverse 
types of microarrays have applications in clinical,  
D. PRoBIoTICS
environmental and food microbiology, microbial 
ecology, and in human, animal and plant disease 
diagnosis. In expression profiling experiments 
researchers can examine how gene expression is 
altered among different interconnecting systems 
throughout the genome, providing insight into 
changes occurring at the genome level. In par-
ticular, microarrays can identify which systems 
or genes (functions) are affected by a particular 
treatment and are useful when a large number 
of genes or small sample volumes are analyzed. 
Array technology is able to examine a large por-
tion of an organism’s genome (DnA microarray)  
or proteome (protein array) in a single assay 
and has become an important technique used to 
study the influence of probiotics on host health 
or intestinal microbial interactions. Microarray 
can be used to detect microorganisms in the gut 
and investigate quantitative changes in popula-
tions of specific members within the microbial 
community and the influence of probiotics on 
the structure and function of human intestinal 
ecosystems. As well, the influence of intestinal 
microorganisms on host metabolism, nutrient 
status, and disease through host-commensal 
signaling can be studied [23]. In addition, micro-
array can be applied to pathogen detection, char-
acterizing microorganisms based on sequence 
variation among isolates and identifying the 
presence or absence of genes [19, 24].

DnA microarray is a nucleic acid hybridization- 
based technique that consists of two formats: 
cDnA microarray and oligonucleotide micro-
array. In a cDnA microarray, customized DnA 
probes are immobilized onto a solid surface 
using robotic-mediated technology. The spotted 
DnA can be PCR fragments, genomic fragments 
from a cDnA library or open reading frames 
from a microorganism. each fragment represents 
a different gene and the array of genes more 
effectively represents the entire genome. In  
genotyping experiments DnA microarray is 
hybridized with labeled DnA from the test 
sample. Microarray-based expression profiling 
requires extraction of total RnA from treated 
 AnD HeALTH
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and control samples, after which, both samples 
are reverse transcribed to form cDnA. Treated 
and control cDnA samples are labeled with 
two different fluorophores, hybridized onto the 
glass slide containing DnA sequences. Using 
specialized readers and software, the fluores-
cent readings can identify which fragments in 
the array have hybridized and thus, are either 
up-regulated or down-regulated.

In contrast, oligonucleotide microarray probes 
are designed to correspond to parts of a known or 
predicted sequence, thus numerous oligonucle-
otide design possibilities exist and reference DnA 
samples are not required, which are needed for 
amplicon-based technologies. oligonucleotides 
can be either synthesized and printed onto the 
array or synthesized in situ directly onto the 
microarray support. Usually two separate micro-
arrays are used to compare the two treatments, 
thereby increasing experimental costs. Design 
of short oligonucleotides improves hybridiza-
tion specificity, as a single mismatched base 
will prevent pairing [25]; however, shorter oligo-
nucleotides can exhibit variations in signal inten-
sity between perfectly matched oligonucleotides 
of the same length but different sequences. 
This problem often requires a high redundancy 
design, where the signal of several oligonucle-
otides is combined and statistically normalized 
for analysis [26]. Short oligonucleotide micro-
arrays also require a large number of probes, con-
tributing to high experimental costs. Conversely, 
longer oligonucleotides are amenable to detec-
tion of gene families, where significant variation 
has occurred [25, 26].

There is growing interest in the application 
of microarray technology within the field of 
functional genomics to identify or confirm gene 
function related to cellular physiology, metabolic 
pathways, sensing and signaling, thereby iden-
tifying crucial mechanisms involved with probi-
otic functions. The effect of a particular treatment 
or microorganism on multiple pathways can be 
simultaneously investigated using microarrays. 
Analysis of microarray data can identify genes 
D. PRoBIoTICS
that undergo similar patterns of gene regulation 
and those that are affected to similar levels, as 
they might be co-regulated in common or con-
verging pathways. Despite the immense possibil-
ities associated with applications of microarray 
in functional genomic studies of probiotic bac-
teria, the use of the technique is limited to 
genomes that have been completely sequenced. 
In addition, oligonucleotide microarrays results 
were found to be more reliable for evaluating 
changes in gene expression than data from long 
cDnA microarrays, indicating that the micro-
array platform must be carefully selected for 
functional genomic studies.

Although capable of high-throughput detec-
tion and quantification of nucleic acids, certain 
DnA microarrays have low sensitivity and 
poor resolution at the species and subspecies 
levels [27]. Because species-level analyses do 
not necessarily provide sufficient information 
in clinical and environmental studies, subspe-
cies microarray probes were found to be more 
reliable in these applications. Also, progress in 
microarray-based research is limited to organ-
isms whose genomes have been fully sequenced 
and requires construction of reliable databases 
for gene expression. other technical challenges 
include the high costs associated with duplicate 
oligonucleotide assays to compare two condi-
tions, obtaining reproducible results between 
experiments and platforms, reducing or elimi-
nating false positive results and obtaining 
high quality DnA and RnA. Handling of vast 
amounts of data and informatics has also con-
founded microarray research.

As probiotic studies commonly involve anal-
ysis in food products, the presence of inhibitors 
and extensive sample preparation procedures 
represent additional limiting factors. Moreover, 
food processing may degrade DnA and intro-
duce PCR inhibitors, leading to ambiguous 
results. Consequently, the complexity of food 
samples requires stringent and possibly lengthy 
extraction and purification techniques to ensure 
efficient recovery of nucleic acids and removal 
 AnD HeALTH
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of inhibitors [28], thereby increasing sample 
analysis time [29]. Due to difficulties associated 
with visual control of the oligonucleotide spot-
ting procedure, adequate quality control system 
is necessary to ensure spotting uniformity. Also, 
the hybridization step can require extensive 
optimization, thus greatly increasing experi-
mental costs associated with DnA microarray. 
In addition, synthesis of gene-specific primers 
required to amplify each gene in a genome, for 
spotting and labeling with fluorophores, con-
tribute to high costs of DnA microarray.

Microarray techniques have also been used 
in addition to phenotypical and biochemical 
methods for polyphasic taxonomy of probiotic 
bacteria, particularly bifidobacteria. The geno-
typing approach has significantly enhanced our 
knowledge regarding phylogeny, genetics, and 
ecological adaptation of intestinal community. In 
addition, this technology has been used to pro-
vide information regarding the degree of relat-
edness among bifidobacterial strains, which is 
useful in the polyphasic identification approach 
[30]. Bifidobacteria are important human com-
mensals and a number of Bifidobacterium spp. 
has been sequenced. The genomic information 
of B. animalis subsp. lactis Bb12 led to the genera-
tion of microarrays to study the proteome and 
gene expression of the organism [31].

3. ApplICAtION OF 
mICROARRAyS tO INveStIGAte 

the COmplexIty OF Gut 
mICRObIOtA

oligonucleotide microarrays are commonly 
used to study the microbial consortia of the 
intestinal tract. Based on lifestyle and dietary 
habits, composition of enteric microflora varies  
among individuals and specific strains pro-
vide a unique fingerprint of human microbiota. 
Although studies that utilize oligonucleotide 
microarrays to directly investigate probiotic 
D. PRoBIoTICS
use, and effectiveness on intestinal microbiota 
are limited, the technique has been used to 
detect specific bacteria, including probiotic bac-
teria, present in fecal samples. DnA microarray  
technology supports a means for global gene 
screening of the complex bacteria-host interplay.

Membrane arrays [32] and oligonucleotide 
microarrrays [33] were evaluated in two sepa-
rate studies for the detection of 20 predominant 
human intestinal bacteria. Although similar 
in principle, membrane arrays do not require 
an expensive arrayer and scanner. nylon and 
nitrocellulose membranes were found to give 
similar results; however, the color developed 
more quickly with nitrocellulose membranes 
[32]. Universal primers used in both studies 
were able to amplify the full size 16S rDnA 
from all 20 bacterial species tested. Based on 
hybridization results using probes specific for 
each bacterial species, both microarray methods 
were reliable for the detection of predominant 
intestinal bacteria and were in agreement with 
other studies reported on numerically import-
ant anaerobic bacteria in fecal samples [34–36]. 
Although PCR using specific primers for the 
selected bacterial species produced comparable 
results, membrane-array method was found to 
be more sensitive. These studies demonstrate 
the potential of oligonucleotide and membrane  
arrays for detecting microbial species in fecal 
samples, as well the cost-saving benefit of  
nitrocellulose arrays.

Wang et al. [37] designed an oligonucleotide 
microarray to identify 40 predominant intesti-
nal bacterial species from human fecal samples.  
These bacteria include seven species each 
of Bacteroides and Clostridium, six species of 
Ruminococcus, five species of Bifidobacterium, 
four species of Eubacterium, two species each 
of Fusobacterium, Lactobacillus, and Enterococcus  
and a single species each of Collinsella,  
Eggerthella, Escherichia, Faecalibacterium, and 
Finegoldia. Three probes were designed to the  
16S rRnA genes of each bacterial species and a 
positive result was defined as a positive signal 
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from two of the three probes. The oligonucleotide 
microarray was a sensitive method to detect the 
presence of certain bacterial species. Although 
many common bacterial species were identified 
in the 11 fecal samples, no two samples were 
the same. Also, the oligonucleotide microarray 
method was found to be more sensitive than  
culture techniques, which did not strongly select 
for the bacterial species.

In another study, Harrington et al. [38] used a 
microarray approach to develop semi-quantitative 
method for detection of intestinal bacterial popu-
lations based on 16S rDnA probes. Microarray 
based on shorter oligonucleotides (16-21-mer) 
showed higher specificity than 40- and 50-mer  
oligonucleotides. The short oligonucleotide micro-
array comprising of 230 probes targeting species or 
groups of intestinal bacteria was found to be highly 
sensitive and able to detect less than 8.8  104 
cells per gram of feces. This microarray was suc-
cessfully used to obtain profiles of gut microbial 
communities in healthy subjects and a patient suf-
fering from ulcerative colitis (UC). The microarray 
was employed to detect and quantify Bacteroides, 
lactobacilli, bifidobacteria, eubacteria, clostridia,  
enterobacteriaceae, ruminococci, streptococci 
and verrucomicrobiales and revealed differences  
in the types and levels of bacteria present in 
feces from three healthy subjects. Samples taken 
from a UC patient showed significant differ-
ences in the levels of Bacteroides, eubacteria and  
sulfate-reducing bacteria.

Palmer et al. [39] designed and applied a 
microarray based on gene sequences of the small 
subunit ribosomal RnA (SSU rRnA) of currently 
recognized bacterial species and taxonomic 
groups to investigate development of intestinal 
microbiota in infants. Authors found that the 
composition and temporal patterns of the micro-
bial communities varied widely from infant to 
infant. Interestingly, in most babies, bifidobacteria 
did not appear until several months after birth, 
and they persisted as a minority population. By 
the end of the first year, the transformation of 
the intestinal microbiota to an adult-like pattern 
D. PRoBIoTICS
was observed. As such, the array can be used as 
a fecal screening technique, as well as monitoring 
changes in intestinal populations due to natural 
variations or response to environmental factors.

Molecular and genomics-based knowledge 
of the composition of the microbiota, as well 
as alterations in the balanced microbiota, will 
enhance the selection of new and specific probi-
otics. Furthermore, this knowledge will enable 
the selection of potential combinations of specific 
probiotics in order to reduce the risk of intesti-
nal diseases and reconstruct specific microbial 
deviations.

4. mOdulAtION OF Gut 
mICRObIOtA by pRebIOtICS  

ANd pRObIOtICS

Prebiotics represent a promising approach 
to modulate intestinal microflora, whereby the 
addition of prebiotics within the diet has been 
investigated for their potential to increase the 
health-promoting benefits of certain aspects of 
the resident gut microbiota. By definition, pre-
biotics are non-digestible food ingredients that 
beneficially affect the host by selectively stimu-
lating the growth and/or activity of one or a 
limited number of bacteria, such as bifidobac-
teria or lactobacilli, in the colon [40]. According 
to Gibson and Roberfroid [40], in order for a 
food ingredient to be classified as a prebiotic, 
it must be: 1) neither hydrolyzed nor absorbed 
in the upper part of the GI tract; 2) a selective 
substrate for one or a limited number of ben-
eficial commensal bacteria in the colon, which 
are stimulated to grow and/or are metaboli-
cally activated; 3) consequently, able to alter the 
colonic microflora in favor of a healthier compo-
sition; and 4) able to induce luminal or systemic 
effects that are beneficial to the host health.

With the increasing evidence of the posi-
tive effects of bifidobacteria and lactobacilli on 
human health, these intestinal bacteria represent 
 AnD HeALTH
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prime targets for use with prebiotics. Fructo-
 oligosaccharides (FoS) have been extensively 
investigated as a prebiotic. However, there 
is limited insight into the precise mechanism  
associated with how probiotics utilize fructo- 
oligosaccharides. Composed of a diverse fam-
ily of fructose polymers with varying lengths, 
fructo-oligosaccharides can be a derivative of 
either simple fructose polymers or fructose 
 moieties attached to a sucrose molecule. The 
majority of food products or nutritional sup-
plements containing fructo-oligosaccharides 
are synthesized from sucrose using fructo-
syltransferases derived from Aspergillus niger 
(short-chain fructo-oligosaccharides; scFoS) or 
extracted from chicory roots (Cichoricum intybus)  
through the partial enzymatic hydrolysis of  
inulin to generate FoS.

While some, but not all, lactobacilli are able to 
ferment scFoS, in-depth studies are needed to 
evaluate the oligosaccharide metabolism on an 
individual basis [41, 42]. Consequently, Saulnier 
et al. [43] used a two-color whole-genome micro-
array to identify differentially expressed genes 
when Lactobacillus plantarum WCFS1 was grown 
in the presence of scFoS or glucose as the only 
available carbohydrate source. Compared to  
L. acidophilus 1195, which was able to utilize both 
scFoS and FoS [41], L. plantarum WCFS1 grew 
only on scFoS, suggesting that different enzymes 
were involved with the degradation pathways of 
L. acidophilus 1195. Saulnier et al. [43] identified 
a group of genes that were probably involved in 
the transport and degradation of scFoS. These 
genes are predicted to encode a sucrose phos-
phoenolpyruvate transport system (PTS), a  
-fructofuranosidase, fructokinase, -glucosidase 
and a sucrose operon repressor. Pyruvate dehy-
drogenase was overexpressed, however, to a 
lesser extent. A mannose-PTS, which is a known 
glucose transporter in LAB, was down-regulated. 
In addition, genes involved in fatty acid and 
phospholipid metabolism and in amino acid and 
protein synthesis were down-regulated. Due  
to a slower growth rate when grown in scFoS, 
D. PRoBIoTICS
down-regulation of the aforementioned genes 
may be explained by a lower requirement to syn-
thesize these materials.

In a separate study, a whole-genome cDnA 
microarray was used to investigate transport and 
catabolic machinery involved in carbohydrate 
utilization by probiotic Lactobacillus acidophilus 
nCFM [44]. Global transcriptional profiles were 
obtained for L. acidophilus nCFM grown on glu-
cose, fructose, sucrose, lactose, galactose, treha-
lose, raffinose and fructo-oilgosaccharides. only 
63 genes (3% of the genome) showed more than 
a 4-fold induction. These include ATP-binding 
cassette transporters induced in L. acidophilus 
grown on raffinose and fructo-oligosaccharides. 
Transporters of the phosphoeno/pyruvate sugar 
transferase system (PTS) were involved in the 
uptake of glucose, fructose, sucrose and treha-
lose. The genes differentially expressed in the 
presence of galactose and lactose were identified 
as LacS-permease and enzymes belonging to 
the Leloir pathway. overall microarray analysis 
revealed that in L. acidophilus nCFM coordinated 
and regulated transcription of genes involved in 
carbohydrate utilization is based on the specific 
sugar provided.

While bifidobacteria can grow on a variety of 
carbon sources or prebiotics, it is important to 
understand the molecular systems required to 
metabolize the prebiotics that are necessary for 
the development of health-promoting food prod-
ucts. Based on a carbon source utilization profile, 
Parche et al. [45] identified 13 of 23 carbohy-
drates which were utilized by Bifidobacterium 
longum nCC2705. The profile indicated that  
B. longum nCC2705 had a preference towards 
di-, tri- and oligosaccharides. These results were 
supported by growth analysis, biochemical char-
acterization of transport systems and microar-
ray data, which illustrated the expression of 
transport and catabolic genes. Parche et al. [45] 
revealed that most genes for carbohydrate per-
meases from B. longum were also found in other 
closely related Bifidobacterium strains. This micro-
array study serves as a basis for further in-depth 
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analyses of the B. longum nutritional require-
ments and lifestyle.

The use of probiotics to modulate host 
microbiota represents a promising therapeutic 
alternative in the treatment of IBS. An abun-
dance of evidence indicates that the intestinal 
microbiota have an important role in the patho-
genesis of IBS. However, studies indicate that 
the effectiveness of probiotics varies between 
strains. For instance, Bifidobacterium infantis 
35624 significantly minimized IBS in two trials  
[46, 47], while B. animalis demonstrated ben-
eficial effects only during the first portion of 
the study [48]. Conflicting studies have been 
published on the effectiveness of Lactobacillus 
plantarum 299v [48–50] in IBS treatment, whereas 
the combination of eight strains in VSL#3 has 
been more successful [51, 52]. In a previous 
study, Kajander et al. [53] demonstrated that a 
probiotic mixture containing Lactobacillus rham-
nosus GG, L. rhamnosus LC705, Bifidobacterium 
breve Bb99 and Propionibacterium freudenreichii 
ssp. shermanii JS was effective in alleviating 
IBS symptoms. Subsequently, Kajander et al. 
[54] investigated the same multispecies probi-
otic supplementation on abdominal symptoms, 
quality of life, intestinal microbiota and inflam-
matory markers in IBS patients. Using a custom-
made Agilent microarray HITChip, designed 
to cover the diversity of the human intestinal 
microbiota, Kajander et al. [54] demonstrated 
that the microbiota was stabilized with the pro-
biotic supplementation. The similarity index 
increased with the probiotic supplementation 
(1.87  3.13) and decreased with the placebo 
group (2.93  1.68), resulting in a significant  
difference between the two groups. With 
ongoing developments regarding diversity 
within the human GI tract, new bacterial phylo-
types will be identified which were not included 
on the version of HITChip used in this study. 
Despite this limitation, microarray analysis is 
not biased for the pre-selection of bacterial spe-
cies or groups to be analyzed, which is a com-
mon challenge for microbiota analysis.
D. PRoBIoTICS 
Microarray has provided insight into the 
importance and effectiveness of prebiotics to 
beneficially stimulate the growth and activity 
of probiotic bacteria within the human host. In 
particular, microarray has enabled researchers 
to further our understanding of the metabolism 
of prebiotics in probiotic bacteria. Consequently, 
with recent advances in this field, prebiotics 
have become an important component of func-
tional foods.

5. ApplICAtION OF  
mICROARRAy teChNOlOGy  

tO INveStIGAte pRObIOtIC: 
hOSt INteRACtIONS

over 500 different bacterial species com-
pose the microflora in the human gut [1]. In a 
healthy individual, the intestinal mucosa serves 
as the first line of defense against infection by 
providing a mechanical and immunological 
barrier between the host’s internal milieu and 
gut environment. Despite an improved under-
standing of the components of the GI tract, from 
both a human and bacterial perspective, several 
challenges remain in characterizing the com-
plex interactions between these components. 
Genomics-based approaches have recently ena-
bled researchers to investigate probiotic inter-
actions and expression of eukaryotic host cells, 
thereby providing a more complete understand-
ing of the potential applications of probiotics and 
behavior in the human gut. As probiotic effects 
likely result from complex interactions with  
the intestinal microbiota and gut epithelium of 
the host, microarrays can provide insight into the 
probiotic mechanism of action and interactions 
with the host cell. However, studies indicate that 
the ability of probiotics to adhere to enterocyte-
like cells is strain dependent and thus, results 
cannot be extrapolated to all probiotic bacte-
ria. For this reason, the microarray represents 
an ideal means of characterizing the complex  
AnD HeALTH



28. MICROARRAY ANALYSIS OF PROBIOTICS USE486
interactions between probiotic bacteria and  
intestinal epithelial cells.

Troost et al. [55] used GeneChip microarray  
(Affymetrix, Santa Clara, CA) to investigate 
the transcriptional response of human intesti-
nal mucosa to Lactobacillus plantarum WCFS1 
in healthy volunteers. A short (1 h) exposure to 
this strain induced differential expression of 669 
gene reporters (225 genes were up-regulated and 
444 were down-regulated). Interestingly, inhibi-
tion of fatty acid metabolism and cell cycle pro-
gression were observed. extended (6 h) exposure 
to L. plantarum WCFS1 modulated the expres-
sion of 424 genes; 383 were up-regulated and 41 
down-regulated. Particularly genes involved in 
lipid metabolism, cellular growth and develop-
ment were up-regulated. In addition, immune 
responses were triggered; however, inflamma-
tory signals were not expressed.

Di Caro et al. [56] used DnA microarray to 
assess the influence of Lactobacillus rhamnosus 
GG (LGG) on gene expression in the healthy 
duodenal mucosa of human adults. Analysis 
of more than 22,000 genes using the Human 
Genome U133A Array from Affymetrix (Santa 
Clara, CA) resulted in the up-regulation and 
down-regulation of 334 and 92 genes, respec-
tively. Genes associated with cell adhesion (cad-
herins), immune response and inflammation 
(TGF- and TnF family members, cytokines, 
nitric oxide synthase 1, defensin -1), apoptosis, 
cell growth and cell differentiation, transcrip-
tion, cell communication (ICAMs and integrins), 
defense response and cell cycle were mainly 
affected by LGG. Although the biological sig-
nificance of these results is not well understood, 
DnA microarray provided a means to examine 
changes induced in humans taking a specific 
dose of LGG for a specified period of time, as 
well as provided insight into the mechanisms 
by which probiotics promote human health.

In a separate study, Di Caro et al. [57] inves-
tigated gene expression in small bowel mucosa 
of healthy humans exposed to Bacillus clausii. 
Microarray results were validated by real-time 
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PCR performed on five target genes. B. clausii 
affected the expression of genes associated with 
immune response, apoptosis, cell signaling and 
adhesion, and as such, furthered the under-
standing of beneficial cross-talk between the 
host epithelial cells and probiotic bacterium. In 
both studies by Di Caro et al. [56, 57], probiotics 
affected the expression of genes involved with 
inflammation, immune response, cell adhesion, 
cell communication and apoptosis. Furthermore, 
these studies support the presence of bacterial-
mucosal interactions. In another whole-genome 
microarray study of intestinal Caco-2 cells and 
BALB/c mice treated with the probiotic E. coli 
nissle 1917 (ecn), pro-inflammatory genes and 
proteins in human and mouse intestinal epi-
thelial cells were up-regulated [58]. Similarly, 
real-time RT–PCR confirmed the regulation of 
selected genes.

In another study, Zyrek et al. [59] used DnA 
microarray to investigate the underlying molec-
ular mechanisms responsible for the beneficial 
effects of the probiotic E. coli nissle 1917 (ecn) 
on the epithelial barrier function using polar-
ized T84 cells in a model system. Quantitative 
RT–PCR was used to confirm gene expres-
sion. Differences in expression were observed 
 following co-incubation of T84 cells with ecn or 
enteropathogenic E. coli (ePeC). The tight junc-
tion (TJ) protein Zo-2 was up-regulated follow-
ing 2-h incubation with ecn, whereas infection 
with ePeC resulted in down-regulation of Zo-2. 
Philpott et al. [60] previously demonstrated that 
ePeC negatively affected Zo-2, while Zyrek et 
al. [59] illustrated that co-incubation with ecn 
resulted in a close association of Zo-2 with the 
cytoskeleton. The presences of Zo-2 at the cel-
lular contact sites is known to stabilize TJ struc-
tures and help maintain cell morphology of the 
T84 cells [61]. These results support the probiotic 
potential of ecn and beneficial use in the treat-
ment of inflammatory bowel diseases.

Another gastrointestinal disease, necrotiz-
ing enterocolitis (neC), most commonly affects 
premature newborns and involves the infection 
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and inflammation that causes destruction of the 
bowel or a portion of the bowel. Despite a poor 
understanding of its pathogenesis, inappropri-
ate apoptosis of the mucosal epithelia is a sus-
pected cause. Clinical trials have demonstrated 
the potential of probiotics to reduce the incidence 
of neC and suppress intestinal epithelial apop-
tosis in cultured cells [62]. In order to elicit the 
mechanism of action, Lin et al. [63] used a cDnA 
microarray to analyze the effect of LGG on gene 
expression of intestinal murine cells. Results indi-
cated that LGG up-regulated several genes which 
had known and likely cytoprotective effects. This 
study indicates that LGG may augment intesti-
nal host defenses and cytoprotective responses. 
As apoptosis may be a precursor to neC, a more 
thorough comprehension of the mechanism 
responsible for probiotic modulation of the apop-
topic pathway may lead to the future develop-
ment of therapies or preventive strategies that are 
more specific to host symptoms or disease.

Although probiotics have been shown to 
improve gut disorders in humans [64, 65], the 
exact mechanism(s) responsible for these effects 
remains unclear. Indigenous bacteria contrib-
ute to the development of intestinal functions, 
whereby segmented filamentous bacteria (SFB) 
play a critical role in the development of the 
mucosal immune system. Shima et al. [66] inves-
tigated the potential of probiotics using BALB/c 
mice to analyze epithelial gene expression 3 days 
following oral administration of the bacteria. 
Microarray results, which covered approximately 
8,000 genes in the whole-genome, indicated that 
Lactobacillus casei Shirota and Bifidobacterium 
breve Yakult affected gene expression in ileal 
and colonic epithelial cells, respectively. When 
compared to the probiotics, SFB affected gene 
expression more strongly in both the small intes-
tine and colon. Comparatively, L. casei Shirota 
enhanced gene expression involving defense/
immune function, growth/development and 
lipid metabolism in the small intestine whereas 
B. breve Yakult stimulated genes involved with 
cell communication, growth/development and 
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metabolism in the colon. With the exception of 
those genes associated with structural proteins in 
the small intestine, SFB stimulated or suppressed 
genes to a greater extent than both probiotics. 
Shima et al. [66] suggests that the differences in 
gene expression between the probiotic strain- 
and SFB-associated mice may be attributed to the 
host-microorganism combination.

An additional health promoting effect of pro-
biotic bacteria is the immunomodulatory effect 
of probiotics and the shift of T helper (Th)1/Th2 
balance towards Th1 mediated immunity. Th1 
cells are involved with activating and directing 
other immune cells, particularly those important 
to the immune system. In addition to using vari-
ous immune function assays, Baken et al. [67] 
investigated Th1 responses and immunomodula-
tory capacity of orally administered Lactobacillus 
casei Shirota using microarray analysis of the 
mesenteric lymph nodes (MLn), spleen, liver 
and thymus of rats. Commonly a more sensi-
tive and predictive method than functional tests, 
microarray was used as an alternative endpoint 
in testing immunomodulation. Using a fixed fold 
ratio of 1.5, three genes in the MLn were down-
regulated, two genes were down-regulated in 
the spleen, the liver showed four down- and two 
up-regulated genes whereas eight up-regulated  
genes were observed in the liver. Based on these 
expression profiles, no enrichment of cellular 
pathways was identified and the gene expres-
sion profiles did not reflect the effects of L. casei 
Shirota on the immune response. Therefore, 
in this study, microarray analysis is not more  
predictive than immune function assays.

6. mItIGAtION OF vIRuleNCe 
ANd pAthOGeNICIty OF FOOd-

bORNe bACteRIA by pRObIOtICS

E. coli o157:H7 and the non-o157 Shiga 
toxin producing E. coli (STeC) are prominent  
food-borne pathogens that cause diarrhea,  
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hemorrhagic colitis and hemolytic uremic 
syndrome. Kostrzynska et al. [68] used DnA 
 microarray-based approach to investigate inter-
actions between E. coli o157:H7 and probiotic 
bacteria and determined global transcriptional 
responses of STeC to lactobacilli and bifidobac-
teria. Pre-incubation of E. coli o157:H7 with sub-
lethal doses of LGG resulted in down-regulation 
of virulence genes such as genes coding for 
Shiga-toxin 2 and genes encoding the expression 
of flagella, motility and chemotaxis. Gene encod-
ing acid shock protein and certain genes coding 
for ribosomal proteins were up-regulated. As 
such, DnA microarray technology could be use-
ful for investigating the mode of action of probi-
otics and their application to control virulence of  
E. coli o157:H7.

Salmonella enterica serovar Typhimurium, 
which causes gastroenteritis, can typically lead 
to a self-limiting disease. More severe infections 
can result in bacteremia, fever or death. The 
Salmonella pathogenicity island 1 (SPI1) encodes 
for many of the genes which are required for 
Salmonella epithelial cell invasion. one mecha-
nism by which probiotics may antagonize intes-
tinal pathogens is by influencing invasion gene 
expression. Co-expressed genes, which have 
similar expression profiles under different con-
ditions, were identified by cDnA microarray-
based transcript profiling of S. enterica serovar 
Typhimurium in response to the spent culture 
supernatant of the probiotic strain LGG [69]. 
In this experiment, a cluster of co-expressed 
Salmonella genes (enriched for genes known to 
be HilA dependent) were identified and were 
predicted to be down-regulated by spent cul-
ture supernatant. The study showed that the 
repression of Salmonella invasion regulatory 
system could be linked to a probiotic effect of 
Lactobacillus rhamnosus GG.

As normal inhabitants of the gut, probiotic 
bacteria may confer several benefits, includ-
ing prevention against intestinal inflammation 
caused by pathogens. However, the exact mode 
of action of probiotics is not well understood. 
D. PRoBIoTICS 
As the primary line of defense against pathogen 
entry, the gut membrane barrier and probiot-
ics may prevent pathogen-induced membrane 
damage by inhibiting pathogen adhesion and 
maintaining the correct organization of the tight 
junction and cytoskeleton proteins.

An entero-invasive Gram-negative bacterium, 
Shigella flexneri, causes bacillary dysentery, which 
is an acute recto-colitis disease responsible for 
lethal complications, particularly in infants and 
toddlers. Studies indicate that S. flexneri infection 
leads to the induction of markers associated with 
acute inflammation, such as the chemokines IL-8 
and CCL20, which are under the control of the 
nFB pathway [70]. Consequently, Tien et al. 
[71] used a macroarray DnA chip (1,050 genes 
selected) to analyze whether L. casei could atten-
uate pro-inflammatory signaling induced by 
S. flexneri invasion of intestinal epithelial cells. 
Results indicate that L. casei down-regulated the 
transcription of genes encoding pro-inflamma-
tory effectors, including cytokines and chemo-
kines, and adherence molecules which are known 
to be induced by invasive S. flexneri. Down- 
regulation of genes associated with the ubiquitin 
system appeared to be important in modulating 
the pro-inflammatory pathway in intestinal epi-
thelial cells. Further investigation identified that 
L. casei specifically targets the stability of I-B, 
a specific nFB inhibitor, which shuts down 
this pro-inflammatory pathway. Based on these 
results, L. casei is able to maintain intestinal 
homeostasis by manipulating the ubiquitin/ 
proteasome pathway upstream of I-B.

As another means of investigating the pre-
ventive effect of probiotics against foodborne 
pathogens, Panigrahi et al. [72] investigated 
changes in eukaryotic gene expression of Caco-2 
cells after infection with a non-pathogenic com-
mensal strain of Escherichia coli and Lactobacillus 
plantarum using a high-density glass microarray, 
which included 19,200 genes/expressed sequence 
tags (eST). Real-time PCR verified microarray 
results of eight randomly selected genes which 
were expressed genes/eSTs. Compared to  
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uninfected Caco-2 cells, a 2-hour treatment with 
E. coli, L. plantarum and a combined treatment 
resulted in two-fold changes in expression of 
332, 81 and 86 genes, respectively. E. coli infec-
tion resulted in the up- and down-regulation 
of 155 and 177 genes, respectively. L. plantarum 
induced up-regulation of 45 genes and 36 genes 
were down-regulated. Although the combination 
treatment nullified stimulatory/inhibitory effects 
of most genes, 27 and 59 genes were up- and 
down-regulated, respectively. Changes in the 
expression of genes associated with regulation of 
transcription, protein biosynthesis, metabolism, 
cell-adhesion, ubiquitination, and apoptosis were 
observed. The presence of probiotic bacteria to 
change the expression of these genes may affect 
physiologic and pathologic responses triggered 
by pathogens in the host.

Because scientific evidence supports a correla-
tion between the human intestinal microbiota and 
health status, research priorities include investi-
gating microbe-host interactions. Consequently, 
research has shifted focus from pathogens to that 
involving commensal and probiotic bacteria and 
their effect on mitigating the onset of pathogen-
related illnesses. Despite the limited amount of 
current microarray-based research to analyze 
host-pathogen relationships, previous stud-
ies demonstrate the immense potential within 
the field to increase our knowledge on the ben-
eficial effects of probiotics in protection against 
pathogens. With a better understanding at the 
molecular level of the effect of probiotics on the 
expression of genes involved in pathogenesis, 
prophylactic treatments can be optimized indi-
vidually for each probiotic formulation.

7. uSe OF dNA mICROARRAyS  
IN ChARACteRIzING  
pRObIOtIC StRAINS

Microarray analysis has also been used to 
investigate strain characteristics, metabolic  
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pathways and resistance of probiotics to anti-
biotics. Although each topic is currently in the 
early stage of investigation, microarray repre-
sents a method with immense possibilities to 
further our knowledge of characteristics and 
safety concerns associated with probiotic use.

Distinctive and important characteristics of 
probiotic bacteria can be determined through 
whole-genome comparisons of probiotic strains 
and closely related bacterial species. Whole-
genome microarrays have been developed to 
genotype probiotic strains, to describe genetic 
diversity, to classify based on phylogeny and to 
identify polymorphism of conserved and variable 
regions among probiotic strains. The availability 
of genome sequences also provides the founda-
tion for using microarray for functional analysis 
of gene and protein expression studies, which in 
turn, will provide information on RnA expres-
sion, protein expression and protein interactions 
under specific conditions. With the increasing 
availability of genomic sequences, classification 
of probiotic strains will improve; however, at 
the time of writing completed genomic sequence 
data for probiotics were still limited.

Microarray has been used in addition to 
multilocus sequence analysis, DnA typing and 
in silico whole-genome alignments to investi-
gate similarity and differences in the Lactobacillus 
acidophilus group [73]. Microarray analysis also 
revealed intra-species similarities. For instance, 
only 17 and 5% of the genes from probiotic  
L. johnsonii strain nCC533 represented vari-
able and strain-specific genes, respectively, when 
tested against four L. johnsonii strains. This study 
showed that modern whole-genome-based tech-
niques were useful in the clarification of taxonom-
ical relationships in L. acidophilus complex.

Additionally, Molenaar et al. [74] used a DnA 
microarray approach to genotype L. plantarum 
isolates from various sources. The authors found 
that genes involved in sugar transport and catab-
olism were highly variable between strains. other 
variable regions included regions encoding bio-
synthesis of plantaricin and exopolysaccharide.  
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Genes involved in biosynthesis or degradation 
of proteins, lipids and DnA were conserved in 
all strains. The genotyping data showed that  
L. plantarum isolates clustered into two clearly 
distinguishable groups.

To provide an alternative in the absence 
of published genome sequences, Boesten  
et al. [75] constructed a Bifidobacterium Mixed 
Species (BSM) microarray containing over 6,000 
randomly cloned genomic fragments from  
B. adolescentis, B. animalis, B. bifidum, B. longum, 
B. pseudolongum and B. catenulatum. This micro-
array was successfully used as a high-resolution 
diagnostic tool for the detection of strain- and 
species-specific characteristics of intestinal bifi-
dobacteria. Interestingly, species-specific diag-
nostic sequences of bifidobacteria were mainly 
predicted to code for glycobiome and functions 
involving DnA metabolism. BSM microarray 
was also used to investigate transcriptional 
responses in bifidobacteria present in fecal sam-
ples [76]. This study provided insight into the 
metabolic activities of the bifidobacterial popu-
lations in breast- and formula-fed infants.

Microarray analysis has also been used to 
investigate metabolic pathways in probiotic bacte-
ria. For instance, Lactobacillus reuteri can produce 
reuterin, a potent broad-spectrum antimicrobial 
agent. In L. reuteri, glycerol dehydratase (gdh) con-
verts glycerol to reuterin, and some reuterin is 
converted to 1.3-propanediol by 1,3-propanediol 
oxidoreductase (1,3-pdo). Despite an understand-
ing of the synthesis and antimicrobial effects 
of reuterin, little is known about the regulatory 
mechanisms of reuterin production. Using a 
two-color microarray, Spinler et al. [77] reported 
an increase in expression in both L. reuteri 
(ATCC 55730) and L. reuteri (ATCC PTA 6475) 
strains for a putative transcriptional regulator 
(TR) and a glycerol uptake facilitator, indicat-
ing that these genes might participate in reu-
terin production. However, these strains vary 
in their ability to produce and regulate reuterin 
production. A comparative gene expression 
study using TR mutants and a wild-type strain 
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reveal that TR controls the expression of oper-
ons involved with reuterin production and vita-
min B12 synthesis for both strains. The L. reuteri 
strain 6475 insertion mutants down-regulated 
1,3-pdo, which is produced from the conver-
sion of reuterin. These results suggest that both 
reuterin production and degradation occurs in 
strain 6475 whereas reuterin production only 
occurs in strain 55730. This study demonstrates 
the potential of microarray for use in the char-
acterization of mutants to enhance our under-
standing of the regulatory mechanisms within 
probiotic bacteria.

oligonucleotide microarrays have also 
been used to investigate the response to acid 
shock and the bile stress in the probiotic strain 
Lactobacillus reuteri ATTC 55730. The response 
to acid shock after a severe reduction of pH 
resulted in up-regulation of the clpL gene 
encoding an ATPase with chaperone activity 
and up-regulation of several genes involved 
in cell envelope alterations, including gene 
encoding a putative esterase [78]. These genes 
were also involved in the bile stress response of  
probiotic L. reuteri ATTC 55730 [79].

Denou et al. [80] used a combination of 
genomics and transcriptome analysis and knock-
out mutants to identify genes associated with 
the long persistence of the probiotic Lactobacillus 
johnsonii nCC355 in the gut. Authors found that 
gene encoding a sugar phosphotransferase sys-
tem (PTS) transporter annotated as mannose 
PTS and gene encoding putative immunoglobu-
lin A protease were responsible for the long gut 
residence time of the probiotic strain nCC533.

The ability to sense and respond to envi-
ronmental changes during transit through the 
GI tract is imperative to the survival of micro-
organisms. Two-component regulatory (2CR) 
systems are important mechanisms associated 
with environmental sensing and signal transduc-
tion [81]. Used extensively in yogurt, fermented 
foods and dietary supplements [82], the probiotic  
L. acidophilus nCFM has nine putative 2CR sys-
tems [81]. expression profiles of a L. acidophilus 
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histidine protein kinase (HPK) mutant and con-
trol, in response to ethanol and acidic conditions, 
were studied using a whole-genome array con-
taining 97.4% of L. acidophilus annotated genes. 
Inactivation of 2CRs altered cell morphology, 
acid and ethanol sensitivity and resulted in poor 
acidification rates in skim milk, therefore suggest-
ing the loss of proteolytic activity [81]. As such, 
microarray analysis can offer immense potential 
in understanding the effect of intestinal condi-
tions on probiotic survival and effectiveness.

8. ANtIbIOtIC ReSIStANCe 
GeNeS

In addition to understanding the metabolic and 
adaptive process of probiotic bacteria, another 
important criterion for the selection of probiotic 
bacteria for use in food products is the presence 
of antibiotic resistance genes and the possibility 
of gene transfer with pathogenic bacteria.

Multi-drug resistance has emerged among 
pathogenic bacteria and can affect the beneficial 
indigenous bacteria. Starter cultures and probiotic 
bacteria represent a reservoir for gene transfer 
to human and animal pathogens, and therefore, 
should be confirmed free of antibiotic resistant 
genes. There are various degrees of potential for 
the spread of antibiotic resistance genes. If the 
antibiotic resistance gene is carried by a mobile 
genetic element, transposon or self-transferable 
plasmid, the potential spread can be quite high. 
The spread can be low if the resistance gene is 
chromosomal, co-localized with chromosomal 
genetic information (increased stability) or respon-
sible for host insensitivity and if the gene cannot 
be transferred in vitro or in vivo to other bacteria. 
PCR and hybridization analysis are commonly 
used to detect antibiotic resistance genes in bacte-
ria. However, these methods are time-consuming 
when multiple resistance genes are investigated. 
In contrast, microarray represents a sensitive 
and specific method to screen for the presence of  
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antibiotic resistance genes in pathogenic and 
commensal bacteria, as well as in proposed probi-
otics and starter cultures [83]. Additionally, micro- 
arrays can detect antibiotic resistance genes that 
are not phenotypically expressed in vitro [83].

A hybridization microarray was developed 
to detect 90 of the most prevalent and transfer-
able antibiotic resistant genes in Gram-positive 
 bacteria [83]. With the exception of nine anti-
biotic resistance genes for which only one spe-
cific oligonucleotide could be developed, each 
gene was detected using two different oligo-
nucleotides, thereby providing increased spe-
cificity and sensitivity. Hybridization analysis 
of genomic DnA obtained from bacteria of dif-
ferent genera (Bacillus, Clostridium, Enterococcus, 
Listeria, Staphylococcus, Streptococcus and lactic 
acid bacteria—Lactobacillus, and Lactococcus) 
verified the sensitivity of 125 of 137 oligonucle-
otide targets and identified 71 resistance genes. 
Although this study did not directly evaluate the 
presence of resistance genes in probiotic bacteria, 
many lactic acid bacteria used in food prepara-
tion have probiotic properties. Using oligonucle-
otides provided higher hybridization specificity 
than PCR products, with a shorter hybridization 
time. With improved rapid screening of bacteria 
harboring antibiotic resistant genes, microarray 
could have future applications in food safety 
and surveillance programs [83].

Kastner et al. [84] examined probiotics and 
starter cultures used in the food industry for the 
presence of antibiotic resistance genes. Based 
on results from the disk diffusion method, 27 
isolates exhibiting phenotypic resistance were 
screened for 90 known antibiotic resistance genes 
using microarray hybridization. Results were 
confirmed by PCR amplification or Southern 
hybridization. Tetracycline resistance gene was 
identified in five Staphylococcus isolates used as 
meat starter cultures, Bifidobacterium lactis DSM 
10140, and Lactobacillus reuteri SD 2112 probiotic 
cultures. The study highlights the presence of 
antibiotic resistance genes in food bacteria and 
identifies the need to assess commercial starters 
 AnD HeALTH



28. MICROARRAY ANALYSIS OF PROBIOTICS USE492
and probiotic cultures for the presence of gene 
transferability. Genetic screening by microarray 
provides a more comprehensive analysis of anti-
biotic resistance genes, as compared to disk dif-
fusion tests or methods that target single genes.

Safety is an essential component in the 
 selection and evaluation of potential probiot-
ics. Although probiotics can be sensitive to the 
 majority of antibiotics, probiotics that are natu-
rally or rendered multi-resistant can be co-admin-
istered with antibiotics in order to prevent the 
gastrointestinal side effects due to conventional 
oral antibiotic treatment. The potential to transfer 
antibiotic resistance genes from probiotics to bac-
terial pathogens represents an additional applica-
tion in microarray research.

9. CONCluSIONS

Realizing the full potential of probiotics in 
preventive and therapeutic applications requires 
a more thorough genome-based investigation 
of probiotic mechanisms and interactions, and 
their efficacy in treating gastrointestinal and 
relating illnesses.

DnA microarray technology has become a 
promising method used for comprehensive anal-
ysis of the complexity of the intestinal microbiota 
and its modulation by prebiotics and probiotics. 
Microarrays have also provided insight into the 
probiotic mechanism of action and interactions 
with the host. Additionally, microarray tech-
nology has been used to characterize probiotic 
strains, explore their genomic diversity, investi-
gate metabolic pathways, and resistance to anti-
biotics. Consequently, microarray represents an 
ideal method to increase the wealth of knowl-
edge associated with probiotic applications.
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C H A P T E R
1. EFFECT OF pROBIOTIC 
BACTERIA ON CANCER 

pREvENTION

1.1. Experimental and Epidemiological 
Studies

Probiotics have been given credit for numer-
ous health-promoting effects; one of which 
is their anticarcinogenic properties [1]. Their 
connection with the prevention of animal and 
human cancers has been extensively reviewed 
[2, 3]. The effects of probiotics on intestinal dis-
orders have been the most extensively studied 
because they can beneficially affect the intesti-
nal microbiota, which are involved in many of 
these disorders. The increase of immune cell 
activity in the prevention of cancer by lactic 
acid bacteria (LAB) consumption has also been 
described [4, 5]. For these reasons, the effects 
of probiotic or fermented products containing 
49Bioactive Foods in Promoting Health: Probiotics and Prebiotics 
LAB are extensively studied for colon cancer. 
Probiotics such as lactobacilli and bifidobacteria 
in fermented or culture-containing dairy foods 
such as yogurt may play a role in reducing the 
risk of colon cancer [6–8].

There are many different mechanisms by 
which fermented products containing viable 
LAB may lower the risk of colon cancer:

1. The reduction of procarcinogenic substances 
such as mutagenic compounds commonly 
found in the western meat-rich diet, that can be 
bound to the intestinal and lactic acid bacteria 
in vitro, has been correlated with the reduction 
in the mutagenicity observed after exposure to 
the bacterial strains [9, 10]. It is possible that the 
LAB supplementation can influence the uptake 
and excretion of mutagens by simply binding 
to them in the intestine.

2. Probiotics can also indirectly act by  
reducing the level of certain enzymes 
such as -glucuronidase, azoreductase, 
7 © 2010, Elsevier Inc. All rights reserved.



29. PROBIOTICS AND CANCER498
nitroreductase, among others, which 
convert procarcinogens to carcinogens in 
the intestine [6, 11, 12]. The consumption of 
Lactobacillus (L.) acidophilus in experimental 
animal models reduced the activity of 
fecal enzymes such as -glucuronidase, 
azoreductase and nitroreductase [13, 14]. 
The products of these enzymes are known 
to be mutagenic and carcinogenic and their 
activities have been well correlated with the 
number of certain bacteria in the intestine. 
Goldin and Gorbach also studied the effect 
of feeding two L. acidophilus strains on the 
activity of these bacterial enzymes in 21 
healthy volunteers [12]. The continuous 
consumption of these bacteria was necessary 
to maintain the effect; a reversal of the effect 
was observed within 10–30 days of stopping 
Lactobacillus feeding.

3. The production of short-chain fatty acids, 
such as butyrate and propionate, is another 
mechanism by which probiotics may help in 
the treatment for colorectal cancer [15].

4. It has also been suggested that LAB 
or compounds produced by these 
microorganisms may directly interact with 
tumor cells in culture and inhibit their 
growth, supporting the idea that they can 
directly produce anti-tumorigenic or anti-
mutagenic compounds [16].

5. The modulation of the host immune system 
is one of the effects attributed to the LAB 
or fermented products that contain them 
[17]. This effect was studied against many 
pathologies and included different types  
of cancers.

Unfortunately, little epidemiologic evi-
dence exists that relates probiotics or probiotic- 
containing fermented foods and cancer incidences.

A few case-controlled studies have been con-
ducted to evaluate the effects of yogurt or fer-
mented milks on some cancer rates. Lê Monique 
et al. [18] reported a study in France where 
an inverse relationship between frequency of 
d. ProBIoTIc
yogurt consumption and risk of breast cancer 
was found. Peters et al. [19] found that yogurt 
consumption can be a protective factor in a 
case-controlled study of colon cancer incidences 
in Los Angeles. Another case-controlled study 
of breast cancer in the netherlands suggested 
that fermented dairy products could be pro-
tective [20]. one human trial showed that the 
recurrence rate for superficial bladder cancer 
was lower for subjects receiving freeze-dried 
L. casei shirota than a placebo [21]. Additional 
similar studies are important to clarify the role 
that probiotic products play in cancer rates.

2. YOgURT FEEdINg IN 
ThE INhIBITION OF ThE 

dEvELOpMENT OF AN 
INTESTINAL TUMOR

colon cancer inhibition by conventional 
yogurt (a coagulated milk product that results 
from the lactic acid fermentation of milk by 
pools of L. delbrueckii subsp. bulgaricus and 
Streptococcus (S.) thermophilus strains) was stud-
ied in an experimental model using BALB/c 
mice [22]. Animals were fed with yogurt for 
10 consecutive days, the period of time where 
previously the best effects of this yogurt on 
the intestinal immune system were reported  
[23, 24]. colon tumors were chemically induced 
by a dimethylhydrazine (dMH) injection and 
the animals were given yogurt cyclically again 
after tumor induction (for 10 consecutive days 
followed by a 1-week break and then again 
for 10 days) until the end of the experiment  
(6 months). Yogurt feeding inhibited tumor 
growth (yogurt-dMH-yogurt group) and 
decreased the large inflammatory immune 
response observed during tumor development 
in the large intestine of the mice treated only 
with dMH (dMH group). The administration 
of yogurt to dMH-injected mice resulted in an 
increase in the number of IgA secreting cells 
s And HeALTH
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and cd4 T lymphocytes in the lamina propria 
of the large intestine together with a decrease in 
the IgG and cd8 cells [25] (see Table 29.1). 
The increase in the number of IgA secreting 
cells, but not of IgG cells, in the large intes-
tine of the mice fed with yogurt could limit the 
inflammatory response, since IgA is considered 
as an important barrier in colonic neoplasia [26].

2.1. Relationship between Inflammation 
and Tumor

The association of chronic inflammation with 
several malignant diseases has been reported 
for a long time [27]. There is also evidence 
that this relationship would be mediated by 
cytokines [28] or by a reactive oxygen species 
generated by inflammatory phagocytes that can 
cause injury to target cells, thus contributing to 
cancer development [29].

At the intestinal level, examples of the above 
include intestinal cancer after intestinal chronic 
inflammation [30, 31]; patients with persist-
ent ulcerative colitis have a 5 to 7 times greater 
incidence of colon cancer development [32]. 
In the relationship between inflammation and 
tumors, non-steroidal anti-inflammatory drugs 
(nsAId)—which are inhibitors of the cyclooxy-
genase enzyme (coX)—can delay or prevent 
the development and metastasis of certain can-
cers [33, 34]. Based on the results obtained with 
yogurt in dMH-injected mice, where an anti-
inflammatory effect was attributed to this fer-
mented milk, a nsAId (indometacin) was used 
to compare its effect with the anti-tumor activ-
ity of yogurt. Mice treated with indometacin 
showed that the immune cells infiltrating into 
the large intestine were smaller than the same 
observed with yogurt feeding (yogurt-dMH-
yogurt group) where a great increase in the 
number of immune cells infiltrating the lamina 
propria was found [35]. This cellular infiltra-
tion also occurred in the large intestine of mice 
without carcinogen injection and fed yogurt  
d. ProBIoTIcs 
continuously, suggesting that these infiltrative 
cells might play an important role in the antitu-
moral and anti-inflammatory activity of yogurt. 
It was also observed that the effects of the 
indometacin treatment were maintained when 
the drug was administered. When indometacin 
administration was stopped due to cachexia pro-
duced in the animals, the tumor developed with 
the same characteristics as in the dMH group 
in the sixth month [35]. This last observation 
showed different mechanisms for indometacin 
and yogurt, since when the yogurt feeding was 
stopped at the end of the experiment (6 months), 
the animals from the yogurt-dMH-yogurt group 
which was observed over a 9-month period did 
not develop tumors.

Most of the anti-inflammatory drugs studied 
by different authors and using different mod-
els exert their antitumor activities during the 
early stages of tumor development. It is known 
that the development of colon cancer presents a 
sequence of events that occurs in definable steps 
(initiation, promotion and progression).

In order to find out at which stage of the 
tumor process yogurt acted (initiation, promo-
tion or progression of tumor growth), we studied 
whether previous feeding with yogurt was suf-
ficient by itself in order to reach the regulatory 
immune response observed; or whether the cycli-
cal administration of yogurt after dMH injections 
was necessary to prevent the effect of the carcin-
ogen. The results obtained showed that previous 
yogurt feeding for 10 days before the dMH injec-
tions (yogurt-dMH group) only delayed tumor 
appearance [36]. Tumor tissue with the same 
characteristics as the dMH group was observed 
in the seventh month. Thus, yogurt administra-
tion before dMH injections was not enough to 
inhibit the tumor in the initiation stage. To iden-
tify if the yogurt feeding can act after tumor ini-
tiation, another group of animals did not receive 
yogurt previous to dMH injection but were fed 
cyclically with this fermented milk after tumor 
induction following the same protocol as the 
yogurt-dMH-yogurt group. This group of mice 
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(dMH-yogurt group) did not develop tumor and 
it was very similar to the yogurt-dMH-yogurt 
group previously described. In both groups, the 
number of immune cells increased in the lamina 
propria of the large intestine.

These results demonstrate that yogurt exerts 
its antitumor activity by the inhibition of tumor 
progression and that this effect is achieved by 
long-term cyclical yogurt consumption [36] 
(Table 29.1).

2.2. Study of Cytokines as Mediators of 
the Anti-inflammatory Effects of Yogurt

different cytokines were studied using 
immunofluorescent methods on large intestine 
d. ProBIoTIcs
slices or isolated infiltrating immune cells from 
the large intestine taken from the different groups 
of mice.

Pro-inflammatory cytokines (TnF and IFn) 
increased in cells from the large intestines of the 
tumor control mice (dMH group, Table 29.1)  
and in the groups fed with yogurt where the mice 
did not develop tumors (yogurt-dMH-yogurt 
and dMH-yogurt groups, Table 29.1) [35, 36]. 
Yogurt feeding itself also produced high levels 
of these pro-inflammatory cytokines [25]. In cells 
from the nodular infiltrates of the large intes-
tine, yogurt feeding increased TnF and IFn 
producing cells compared to the tumor control 
group [36]. It was shown that in this experimental 
model, adherent cells (macrophages/monocytes) 
produced increased amounts of TnF compared 
TABLE 29.1 Study of the anti-inflammatory effect of yogurt compared to an NSAID

Experimental group Period of 
treatment

Number of cells positive for

IgAa CD4a CD8a TNFb IFNb IL-10b iNOSb

dMH 2 months 60  8d 20  3d 50  2h 68  4g 86  15f,g 51  10e,g 23  5e

4 months 70  7d,e 22  3d 50  3h 155  22h 140  17h 87  11f 41  5f

6 months nd 36  2e 80  4i 125  10h 99  22g 67  15e,f 25  5e

Y-dMH-Yc 2 months 100  10f 40  2e 30  2i 64  7g 105  6g 58  13e 15  5d,e

4 months 100  7f 82  5f 40  2g 57  18f,g 121  27g,h 88  4f 14  4d,e

6 months nd 35  3d 10  1g 75  10f,g 86  7g 40  7g 12  2d

dMH-indometacin 2 months 76  14d,e,f 41  6e 24  5e,f 42  10e,f 69  9f nd 24  5e

4 months 106  24f 22  3d 17  6d,e 27  10d,e 23  5d,e nd 18  3e

6 months 114  22f 32  6e 22  5e,f 16  7d 35  8e nd 20  2e

Yogurt basal 10 days 84  11e,f 19  3d 10  3d 29  3e 25  3d,e 13  2d 8  2d

non-treatment 
control

65  5d 20  3d 11  2d 17  2d 21  2d 12  3d 10  2d

aIgA, cd4 and cd8 cells were analyzed by direct immunofluorescence on large intestine tissues.
bThe cells positive for cytokines and inos enzyme were analyzed by indirect immunofluorescence in the lamina propria of 
the large intestine tissues. results are expressed as number of positive cells for the corresponding, immunoglobulin, marker, 
cytokine or protein in 10 fields of vision as seen at 1000 magnification using a fluorescence light microscope.
cY-dMH-Y  yogurt-dMH-yogurt.
d,e,f,g,h,iValues for each column without a common letter differ significantly (p  0.05).
nd  not determined.
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to non-adherent cells (fibroblast, mast cells and 
some T and nK cells). IFn was also produced 
for both cell populations. All of these observa-
tions showed that yogurt stimulates the activity 
of infiltrative cells (adherent and non-adherent), 
which increased cytokine production, necessary 
for tumor resolution.

In contrast to yogurt, mice treated with the anti-
inflammatory drug (indometacin) presented fewer 
infiltrating cells in the large intestine with a low 
number of TnF and IFn secreting cells (Table 
29.1). When the drug treatment was stopped, both 
cells and pro-inflammatory cytokines increased 
and the tumor grew [35].

For the purpose of demonstrating that this 
pro-inflammatory cytokine increase in the large 
intestine of mice fed yogurt was not related with 
an inflammatory response in the gut and that 
these cytokines were being regulated, the induc-
ible nitric oxide synthase (inos) enzyme was 
studied. The inos enzyme is induced during 
the course of the immune response by microbial 
products and/or cytokines (such as IFn) and 
plays a role in the antimicrobial mechanism of 
macrophages [37]. It was reported that tumor-
bearing mice (dMH group) presented high 
amounts of inos cells, suggesting an increase 
in nitric oxide (no) production by these cells. 
The inos enzyme synthesis would be induced 
by IFn which was increased in the intestinal 
tissue from this group. The dMH-indometacin 
group showed an increased number of inos 
cells before anti-inflammatory treatment and 
at the end of the study, when the tumor grew, 
during the anti-inflammatory treatment; this 
enzyme was maintained in the basal intestinal 
level (Table 29.1). The inos cells’ increases 
are consistent with the increases of IFn cells 
in this group. In the group of mice injected with 
dMH and fed with yogurt, when the inflamma-
tion decreased, the inos cells also decreased; 
even when the IFn secreting cell numbers 
remained elevated (Table 29.1), demonstrating 
that yogurt would regulate the immune system 
by modulating the inflammatory response [35].  
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These results suggest that the immune mecha-
nisms by which yogurt operates would be 
different from those induced with the anti-
inflammatory drug indometacin, which did 
not show an increased activity of the infiltra-
tive immune cells in the large intestine, where 
cytokine levels were lower than in the other 
groups and inos diminution was only evident 
during treatment.

In spite of the increased number of IFn 
cells, the animals fed with yogurt did not show 
increased no production or presence of tumor, 
only cellular infiltration. The large number of 
positive cells for this cytokine in mice fed with 
yogurt could be related to the increase in the 
number of immune cells that produce the pro-
inflammatory cytokines in the intestine which 
could, in turn, be regulated by other regulatory 
cytokines such as IL-10.

The study of IL-10 secreting cells showed sig-
nificant increases of this cytokine in all the groups 
assayed; but it is important to note that yogurt 
feeding always produced more IL-10 cells in 
the yogurt-dMH-yogurt group than in the dMH 
group [25, 35].

IL-4 was also studied as another cytokine that 
can regulate the response against IFn, but yogurt 
feeding did not exert any effect on the production 
of this cytokine in the gut immune cells.

It appears that yogurt could modulate the 
immune response by: 1) stimulating cytokine 
production when this is required; or 2) inducing 
down-regulation of the immune cells to avoid an 
exacerbated immune response. This effect would 
occur mainly through IL-10, which was increased 
in the tissue during all the assayed periods.

2.3. Other Non-immune Mechanisms 
Involved in the Antitumor Effect  
of Yogurt

The mechanisms of apoptosis, also known 
as programmed cell deaths, in the inhibition of 
tumor progression are well documented [38]. 
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The colonic epithelium is a tissue with a high 
cell turnover rate. The balance between cell pro-
liferation and cell death is important to maintain  
the length of the crypts and a disturbance in this 
balance may lead to tumor development [39], 
since the disruption of this type of regulation is 
a characteristic of the tumors.

considering that cytokines such as TnF 
could be involved in certain apoptotic pathways 
[40], and that an enhancement of this cytokine 
was observed in the experimental model 
described above, apoptosis induction and the 
relationship between mitosis and apoptosis were 
studied. An increase in mitosis during the first 
4 weeks of tumor growth was observed in the 
animals treated with the carcinogen. In the mice 
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from the yogurt-dMH-yogurt group, a moder-
ate cell proliferation with a significant increase 
in the number of apoptotic cells was reported 
[41] (Table 29.2).

It is also important to mention the fact that 
the intestinal inflammatory process preced-
ing tumor development may be due to changes  
in the epithelial cells induced by the carcinogen 
that enters the intestine as a glucuronide, a com-
pound synthesized and deconjugated by the 
gut normal microbiota. It is possible that yogurt  
bacteria can also affect gut flora enzymes 
related to colon carcinogenesis as reported for 
other probiotics in different animal tumors. It 
was demonstrated that mice injected with dMH 
and fed cyclically with yogurt presented lower 
TABLE 29.2 Non-immune mechanisms involved in the antitumoral effect of yogurt

Experimental 
group

Period of 
treatment

Number of 
apoptotic cellsa

-glucuronidaseb Nitroreductaseb

BGBBc AGBBd BGBBc AGBBd

dMH 2 months 43  5g 3.37  1.01f 9.38  3.24g,h 26.27  5.01i 28.51  5.77l

4 months 47  6g,h 26.66  4.69i 19.50  4.95i 5.30    2.09g 6.01  1.25h,i

5 months nd 8.58  2.05g 17.91  2.74i 17.03    2.81h 18.26  2.26k

Y-dMH-Ye 2 months 110  10i 3.31  1.28f 11.25   2.63h 18.77    5.89h,i 22.04  5.89k,l

4 months 60   9h 17.21  1.93h 10.01  3.77g,h 0.72    0.34f 2.01  0.88f

5 months 27    7f 7.35  1.46g 6.33  2.18g 1.17    0.67f 2.89  1.01f,g

Yogurt 2 months nd 3.89  1.66f 5.36  2.40f,g 11.25  6.14h 7.98  2.02h,i,j

4 months 50   9g,h 8.56  1.55g 7.49  0.69g 3.51    0.72g 4.95  1.2g,h

5 months 99   12i 4.41  0.12f 3.19  0.79f 3.22    0.60g 11.25    3.15j

non-treatment 
control

2 months

4 months

5 months

24   3f 3.04  1.74f 9.27  2.84g,h 4.17    1.97g 8.40  1.23i,j

22   6f 9.51  2.95g 7.13  2.37g,h 2.32    0.99g 2.31  1.15f

20   4f 8.03  3.77g 13.58  4.31h,i 3.15    1.01g 3.22  0.95f,g

aApoptotic cells were analyzed on the large intestine slides with a kit based in the TUneL method. The results are expressed 
as means  sd of the number of apoptotic cells counted in 10 fields of vision at 400 of magnification (cells/10 fields).
benzyme activities were analyzed directly in the intestinal fluid before or after glass beads breaking.
cBefore glass beads breaking.
dAfter glass beads breaking.
eY-dMH-Y  yogurt-dMH-yogurt.
f,g,h,i,j,k,lValues in each column without a common letter differ significantly (p  0.01).
nd  not determined.
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enzyme activity levels than the tumor control 
group, which increased the activity of these 
microbial enzymes contributing in this way to 
its mutagenic power (Table 29.2). It is important 
to note that the decrease of these enzyme activi-
ties was observed in the samples before and 
after the cells were lysed with the glass beads, 
showing that yogurt feeding decreases the lev-
els of the enzymes in the intestinal fluids and 
prevents their induction in the interior of the 
cells [42].

Feeding yogurt decreased procarcinogenic 
enzyme levels in the large intestine contents of 
mice bearing colon tumor. The results of this 
study provide another mechanism by which 
yogurt starter bacteria interact with the large 
intestine of the mice and prevent colon cancer.

3. EFFECT OF pROBIOTIC 
LactobaciLLus casei CRL431  

IN ThE INhIBITION OF 
ChEMICAL-INdUCEd 

FIBROSARCOMA

The effects of probiotic LAB were also reported 
for other non-intestinal tumors. L. casei crL 431 
is a probiotic strain and its modulator effects on 
the mucosal immune system was extensively 
studied. The oral administration of L. casei crL 
431 to mice induced an immune stimulation not 
only at the intestinal level, but also in bronchus 
and mammary glands.

The antitumor activity of L. casei crL 431 
was studied against a fibrosarcoma induced by 
methylcholantrene in mice. It was demonstrated 
that this probiotic strain inhibited tumor growth 
in a dose-dependent form. The best effect was 
achieved by using a low dose (2  109 cells) of 
viable bacteria [43, 44]. Hematological values 
and alkaline phosphatase enzyme levels, phago-
cytic activity, -glucuronidase enzyme and the 
cytotoxic activity in peritoneal macrophages 
from mice bearing tumor fed and unfed with  
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L. casei crL 431 were determined. TnF levels 
in serum and on immune cells isolated from the 
spleen were also measured. It was shown that 
the administration of this strain caused an anti-
tumor activity by stimulation of the immune 
system, with high levels of macrophage acti-
vation (main infiltrative cells in the tumor) 
measured by an increase in the phagocytic and 
cytotoxic activity, high levels of TnF and with 
a remarkable decrease in the tumor volume. 
The non-preventive effect in the inhibition of 
the tumor observed with high doses of L. casei 
crL 431 might be due to an auto-regulation of 
the immune mechanisms in the gut as a conse-
quence of an over stimulation [45, 46].

4. USE OF gENETICALLY 
MOdIFIEd CATALASE  

ANd SUpEROxIdE dISMUTASE 
pROdUCINg LAB IN ThE 
pREvENTION OF COLON  

CANCER

since oxidative stress and epithelial damage 
are normally linked to pathologies of the gas-
trointestinal tract of humans such as inflamma-
tory bowel disease (IBd), another mechanism by 
which LAB could prevent certain types of can-
cer is through the use of antioxidant enzymes 
that can degrade reactive oxygen species (ros) 
or impair their formation.

ros are small molecules (such as superoxide 
ions, free radicals and peroxides) that are formed 
as by-products of the normal metabolism of oxy-
gen. The biological sources of ros are numerous 
and in low quantities participate in cell signaling 
and regulatory pathways. When they are pro-
duced in large amounts, as is the case in inflam-
matory processes, they act to eliminate infectious 
agents by causing significant damage to cell 
structures and macromolecular constituents such 
as dnA, rnA, proteins and lipids [47]. Toxicity 
occurs when the concentration of ros exceeds 
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the capacity of cell defense systems [48]. Large 
amounts of H2o2 are produced and excreted by 
human tumor cells [49] and might participate in 
tumor invasion and proliferation. Thus, oxidative 
stress plays an important role in pathologies of 
the gastrointestinal tract of humans such as IBd 
and certain types of cancers [50, 51].

The normal intestinal mucosa is equipped 
with a network of antioxidant enzymes that neu-
tralize ros in a two-steps pathway. First, super-
oxide dismutases (sods) convert the primary 
superoxide anion (o2

) into the more stable 
metabolite, hydrogen peroxide (H2o2). second, 
H2o2 is converted to water by catalase (cAT) or 
glutathione peroxidase (GPo). The activities of 
these enzymes are usually balanced to maintain 
a low and continual steady-state level of ros. 
However, the levels of these enzymes in inflam-
matory disease patients, such as those suffering 
from IBd, are frequently depleted [50, 52], high-
lighting the potential for increasing the local lev-
els of these enzymes to function as a therapeutic. 
Probiotic LAB strains expressing high levels 
of sod and cAT could increase these enzyme 
activities in specific locations of the gastrointes-
tinal tract and could thus contribute to prevent 
oxidative epithelial damage, giving rise to poten-
tial applications for the treatment of inflamma-
tory diseases or post-cancer drug treatments.

since the majority of LAB are not well 
equipped with enzymes to detoxify oxygen-
derived compounds, the insertion of genes cod-
ing for antioxidant enzymes (such as catalases or 
sod) in probiotic bacteria could improve their 
anti-inflammatory properties beyond the modula-
tion of the local immune-dependent inflammation 
response. catalases of three lactobacilli have been 
successfully cloned and expressed in heterologous 
bacteria lacking catalase activity [53–56]. The food-
grade Lactococcus (Lc.) lactis is a potential vector to 
be used as a live vehicle to deliver heterologous 
proteins for vaccine and pharmaceutical purposes. 
since Lc. lactis has no catalase, rochat et al. [57] 
introduced the B. subtilis heme catalase KatE gene 
into this industrially important microorganism, 
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giving rise to a strain capable of producing active 
catalase that can provide efficient antioxidant 
activity. one report has shown that this geneti-
cally engineered strain was able to prevent tumor 
appearance in an experimental dMH-induced 
colon cancer model [58]. The catalase producing 
the Lc. lactis strain used in this study was able to 
slightly increase catalase activity in the intestines 
of mice treated with dimethylhydrazine (dMH), 
a colon cancer-inducing drug. This increased anti-
oxidant activity was sufficient to reduce H2o2  
levels in the large intestines, a ros involved in 
cancer promotion and progression, showing that 
this catalase-producing LAB could be used in 
novel therapeutic strategies for gastrointestinal 
pathologies. In 2006, the heterologous expression 
of a non-heme catalase in bacteria relevant to dairy 
industries was reported [56]. A strain of L. casei 
was constructed to offer the advantage that no 
heme has to be added to the culture medium for 
catalase activity. Although this strain was able to 
reduce cecal and colonic inflammatory scores, no 
significant differences were observed compared to 
the use of the native non-catalase producing strain 
in a dextran sulfate sodium (dss)-induced colitis 
mice model [59]. This is probably due to the insuf-
ficient production of catalase by this strain in the 
gastrointestinal tract. These authors suggest that, 
in order to optimize their antioxidative strategy, 
evaluation of the effects of co-administration of  
L. casei strains producing high levels of catalase 
and sod from Lc. lactis [60] will be relevant as 
some previous studies showed the positive impact 
of increased sod activity in intestinal inflamma-
tion models [50, 61, 62].

5. EFFECT OF FERMENTEd MILk 
AdMINISTRATION IN A BREAST 

CANCER MOdEL

over the past decade, considerable advances 
have been made towards an understanding of 
the molecular factors involved in breast cancer 
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development, but for women in most western 
countries, breast cancer still remains a major 
cause of death. There are genetic and envi-
ronmental factors that increase the chances 
of breast cancer and the most common breast 
cancer types are estrogen-dependent. some 
of the causing factors, such as the diet, can be 
controlled, whereas other cannot [63, 64]. It is 
known that women with high fat content diets 
have a higher risk of developing breast cancer; 
an example of this is that the oriental diet has 
traditionally been related with a low risk of this 
type of cancer in these populations.

In addition to containing LAB, fermented 
milks can possess non-bacterial components 
produced during fermentation that may con-
tribute to their immunogenicity and to proper-
ties such as their anti-tumor activities. For this 
reason, cultured dairy products were proposed 
to inhibit the growth of many types of can-
cers, including breast tumors. Matar et al. [65] 
reported different roles and functions of biolog-
ically active peptides released from fermented 
milks. For example, peptidic fractions released 
during milk fermentation with L. helveticus 
r389, a strain with high proteolytic activity, 
stimulated the immune system and inhibited 
the growth of an immune-dependent fibrosar-
coma in a mice model [66].

The influence of the immune cells on breast can-
cer was reported using different models [67, 68]. A 
substantial proportion (up to 50%) of breast tumors 
is comprised of cells from the immune system that 
infiltrate the tumors [69]. These cells produce differ-
ent biological messengers such as cytokines, which 
are implicated in an antitumor response.

Given the existence of a common mucosal 
immune system, a fermented product that enters  
the organisms by the oral route can exert its 
influence on the immune cells associated not 
only with the gastrointestinal tract but also with 
other mucosal sites and associated glands, such 
as mammary glands.

In this way, it was reported that the oral 
administration of milk fermented with the  
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proteolytic strain L. helveticus r389 increased the 
number of IgA secreting cells in the small intes-
tine as well as in the bronchus of mice. However, 
fermented milk obtained with the proteolytic 
deficient mutant strain did not show the same 
results [66]. considering these previous results, 
the effect of milk fermented by L. helveticus 
r389 or its proteolytic deficient variant, L. hel-
veticus L89 was assayed on a murine hormone-
dependent breast cancer model (using the ATcc 
tumoral cell line 4T1 injected in the upper right 
mammary gland), studying the systemic and 
local immune responses in the mammary glands 
and tumors.

Mice were fed with milk fermented by L. hel-
veticus r389 (P) or L89 (P), for 7 days prior 
to the tumor cell injection. After that, they again 
received the fermented milk in a cyclical basis. 
The results obtained showed that the adminis-
tration of both fermented milks either delayed 
or stopped tumor development [70] (Table 29.3). 
When the immune mechanisms were studied, 
and these two groups compared with the tumor 
control, different cytokines were analyzed in 
serum, in the mammary gland tissues and in 
the immune cells isolated from the tumor. The 
study of cytokine-positive cells in mammary 
glands furthered the understanding of the local 
cell response after mice were fed with fermented 
milk as well as after tumor injection. In the 
tumor isolated cells the analysis was performed 
because the role of tumor-infiltrating immune 
cells in antitumor immunity, as well as their 
potential for cancer immunotherapy, has been 
extensively reported [71, 72].

It was observed that in serum TnF increased 
significantly in the basal sample from mice 
receiving milk fermented by L. helveticus r389 
or L89 (Table 29.3). This increase prior to tumor 
induction could be related to the decrease of 
tumor growth in both experimental groups. The 
P() group maintained the TnF concentration 
at close to the basal level throughout the trial, 
demonstrating a regulation of this cytokine, 
whereas the P() group showed increased TnF 
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in the last sample (similar to the control group, 
Table 29.3). In the tumor control group, TnF 
levels increased in the function of the time, as 
did the tumor volume [70]. In the cells isolated 
from the tumor, TnF increased in both groups 
fed with fermented milk where the tumor 
growth was delayed, leading to an induction 
of the cytokine production by fermented milk, 
which may play a biological role in the induc-
tion of cellular apoptosis [70] (Table 29.3).

IL-6 was studied in this model because this 
cytokine is implicated in estrogen synthesis [73], 
a hormone that the tumor needs to grow. It is 
also a pro-angiogenic factor [74], supporting the 
growth of new blood vessels that are also essen-
tial for tumor growth.

The tumor control group showed elevated 
levels of IL-6 in the serum and that IL-6 cells 
increased in mammary gland tissues and in 
the immune cells infiltrating the tumor for this 
group. However, the P() and P() groups did 
not show increased levels of this cytokine in 
serum during the study, suggesting that this IL-6 
decrease could be involved as one of the mech-
anisms for tumor growth delay. In the mam-
mary glands, IL-6 secreting cell numbers were 
constant and similar in all groups until 18 days 
after tumor injection (Table 29.3). This result can 
be explained by the relationship between this 
cytokine and estrogen synthesis in the mam-
mary gland; estrogens being essential in pro-
moting the proper growth of this tumor cell line. 
These cytokine-positive cells increased even 
more after18 days in the tumor control group, 
and remained unmodified in both P() and P() 
groups [70]. In the isolated cells, all mice fed 
with fermented milk showed decreases in the 
number of IL-6 cells compared to the tumor 
control group; P() being the group which pre-
sented the lowest number of cells positive for 
this cytokine (Table 29.3).

IL-10 was the cytokine that showed differ-
ences between both groups where the tumor 
growth was delayed. serum IL-10 levels were 
significantly increased only in the P() group 
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in relation to the tumor control group. Mice 
fed L. helveticus r389 showed increased IL-10 
secreting cell numbers in the mammary glands 
throughout the time of the entire study. These 
were significantly higher numbers compared to 
the tumor control on days 18 and 22 after tumor 
injection. This outcome did not seem to occur in 
the P() group, since IL-10 secreting cell num-
bers were not higher than those from the tumor 
control group (Table 29.3). similar increases 
were reported for the immune cells isolated 
from the tumor where the mice receiving the 
milk fermented with the proteolytic strain 
showed the highest increases for IL-10 [70].

The study of the cytokines showed that the 
consumption of both fermented milks dimin-
ished IL-6, a cytokine that the tumor needs for 
growth, and this decrease could be related with 
the delay of the tumor growth observed in both 
mice fed with the proteolytic and the proteolytic 
deficient strain of L. helveticus. The increase of 
IL-10 in mice fed with milk fermented by L. hel-
veticus r389 could explain the important differ-
ence between both fermented milks, attributed 
principally to the components released into the 
milk after the fermentation with the proteo-
lytic strain where the regulation of the immune 
response was observed in the three levels stud-
ied (serum, mammary glands and tumor).

The analysis of immune B and T cells also 
showed differences between the mice that 
received both fermented milks. only mice 
fed with milk fermented by L. helveticus r389 
increased IgA B cells in mammary glands after 
tumor injection. However, this increase was not 
observed when a tumor was not induced, which 
could mean that enhancement of IgA cells in 
mammary glands needs a stronger stimulation 
such as that induced by tumor cells [75]. When T 
cells were studied in our model, it was possible 
to observe changes in the balance between cd4 
and cd8 cells in mammary glands in mice from 
the group fed with milk fermented by L. helveti-
cus r389 and injected with tumor cells. cd4 cell 
numbers increased, whereas cd8 cell numbers  
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e,f,g 14  4g,h 24  2g 29  2g 18  2g

h 16  3g,h 13  1e 23  4g 8  2e

e 7  2e,f nd nd nd

e,f,g 15  4g,h nd nd nd
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f 17  2h 12  2e 4  1e 13  6e,f,g

f 12  3f,g,h 11  4e,f 13  4f 9  3e,f

veticus L89 (proteolytic deficient mutant 

 mean concentration of each cytokine  

sults are expressed as means  sd of 

results are expressed as means  sd of 
TABLE 29.3 Comparative analysis of tumor volume and cytokines in serum, mamm

Experimental 
groups

Time 
(days)

Tumor 
volumea

Blood serumb Mammary gla

TNF IL-6 IL-10 TNF IL-6

Tumor 
control

Basal nd 42.1  2.1e 15.0  2.0e,f 121.2  35.1f 9  3e,f 9  3

12 0.02  0.01e 207.1  24.5f,g 12.1  1.1e 409.1  113.2g 9  4e,f,g 15  4

18 0.12  0.07f 226.6  39.4f,g 40.4  6.0h 943.5  87.3h 21  6h 13  6

27 0.21  0.12f 522.7  71.8i 93.2  4.1i 50.4  15.1e 21  6h 28  8

L. helveticus 
r389 (P)

Basal nd 207.7  43.6g,h 17.1  2.1f 552.2  69.2g 7  2e,f 6  2

12 0.01  0.01e 176.8  2.1f 20.1  2.2g 974.5  48.5h 13  4f,g,h 11  3

18 0.03  0.03e 248.4  11.1h 14.0  4.1e,f 3338.9  689.2j 12  4f,g,h 13  4

27 0.04  0.02e 283.5  34.74 15.2  2.1e,f 4796.3  859.5j 13  2f,g,h 14  4

L. helveticus 
L89 (P)

Basal nd 256.1  51.5g 22.0  2.1g 1441.2  67.2i 5  1e 7  2

12 0.01  0.01e 242.8  9.9h 13.1  2.0e,f 1361.3  155.1i 18  4h 15  5

18 0.03  0.02e 233.6  18.2h 17.1  2.2f 836.2  131.2h 16  3g,h 14  3

27 0.05  0.03e 144.8  49.5f,g 33.2  4.1h 1556.7  169.1i 15  2g,h 13  3

Mice fed with the milk fermented by L. helveticus r389 (strain with high proteolytic activity, P) or by L. hel
strain, P) were compared with the tumor control (without specific feeding).
aTumor growth rate is expressed as the volume (cm3) of the tumor (cm3).
bFor blood serum, the concentration for each cytokine was evaluated by eLIsA. results are expressed as the
(pg/ml)  standard deviation.
cFor mammary gland tissues, cytokine-positive cells were analyzed using indirect immunofluorescence. re
cytokine-positive cells counted in 10 fields of vision at 1000 of magnification.
dFor cells isolated from tumor, cytokine-positive cells were analyzed by immunoperoxidase technique and 
cytokine-positive cells each 100 counted cells (cells/100).
e,f,g,h,i,jMeans in each column without a common letter differ significantly (p  0.05).
nd  not determined.
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remained unmodified. This outcome was differ-
ent in the tumor control group, which maintained 
the balance of these cells in mammary glands 
towards cd8 cells more than towards cd4 
cells [75].

It is possible to conclude in this experimen-
tal model that 7 days of cyclical feeding with 
milk fermented by L. helveticus r389 or L89 
delayed tumor development and consequently 
decreased IL-6 secreting cells. However, milk 
fermented by L. helveticus r389 induced not 
only a decrease of IL-6, but also an increase of 
the regulatory cytokine IL-10 and cell apopto-
sis in the tumor. These effects were observed 
when a local stimulus such as tumor cells was 
present.

6. CONCLUSIONS

There are many reports about the anticarcino-
genic effect of probiotics strains and fermented 
product that contain them. even when the epide-
miological data and those obtained from human 
trails are promising, animal models are still nec-
essary to elucidate the mechanisms by which 
they can act.

At the intestinal level, a fermented product 
can exert an antitumoral effect by several mech-
anisms. The studies carried out with the model 
of colon cancer inhibition through cyclic yogurt 
feeding demonstrated that yogurt modulates 
the immune system response and exerts its anti-
tumor activity through its anti-inflammatory 
capacity with high levels of the regulatory IL-10 
in the large intestine. In addition to this immu-
nomodulator capacity, other mechanisms by 
which yogurt could exert the antitumor activ-
ity observed in this model would be through 
the activation of the apoptosis pathways and 
through the yogurt bacteria interaction with the 
intestinal microbiota inducing decreases in the 
certain enzyme activities involved in the devel-
opment of tumors in the intestine.
d. ProBIoTIcs
The introduction of antioxidant enzyme genes 
(sod and cAT) in current probiotic strains that 
have natural anti-inflammatory properties, such 
as the ability to modulate the immune-dependent 
anti-inflammatory processes, could generate very 
potent strains that could be used for the preven-
tion of inflammatory diseases or post-cancer drug 
treatments. The use of other genetically modified 
LAB, such as the IL-10 producing strain of Lc. lac-
tis [76], could be suitable for use as treatments of 
intestinal diseases by delivering beneficial com-
pounds to specific sites in the gastrointestinal 
tract where they are required.

It can also be concluded that it is possible to 
obtain a beneficial effect in other mucosal sites 
distant to the intestine with the oral administra-
tion of a probiotic bacteria or fermented milk. 
oral administration of probiotic bacteria also 
exerted antitumoral effects against a non-intestinal  
tumor such as fibrosarcoma. Fermented milk 
administration can regulate the response of the 
immune cells associated to the mammary glands 
and in the cells infiltrating the tumor in an estrogen- 
dependent breast tumor model. The regulation of 
the immune response can also exert an inhibitory 
influence on the estrogen synthesis, necessary to 
the tumor growth. The probiotic strain selection 
would play an important role in the mucosal acti-
vation observed.

The principal cause that can be attributed to the 
probiotic and/or fermented product against cancer 
is the immune surveillance, which differs accord-
ing to the site where the tumor is present. In con-
trast to the results observed in the intestine, where 
the administration of the fermented products itself 
induces changes on the gut associated immune 
cells and in other immune cells as peritoneal mac-
rophages, in the mammary glands, changes on 
immune cell balances were observed only when 
immune cells have to act against a target like 
tumor cells, avoiding an exacerbated immune 
response. This fact could be explained because at 
intestinal level, where there are constant stimuli on 
the immune system, the immune cell stimulation 
is maintained with the probiotic administration; 
 And HeALTH



509REfERENCES
whereas at other sites, such as mammary glands, 
the immune system is maintained alert and when 
the target affects this site, the immune cells quickly 
react against the agent.
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C H A P T E R
1. INtroDUCtIoN

Irritable bowel syndrome (IBS) is a gas-
troenterological condition characterized by a 
triad of abdominal pain, bloating and change 
in bowel habit with an absence of any overt 
mucosal abnormality [1]. The first modern defi-
nition of the ‘irritable colon’ IBS was proposed 
in the 1960s by Chaudhary and Truelove [2]. 
Since then there has been a focus to define the 
 condition on symptom-based diagnostic criteria 
[1, 3, 4], the most recent of which, the Rome 
III classification of IBS, defines the disorder as 
recurrent abdominal pain at least 3 days per 
month in the last 3 months, with at least two 
of the following: improvement on defecation, 
onset associated with a change in stool fre-
quency, or onset associated with a change in 
stool form [5]. Irritable bowel syndrome is the 
most frequent reason for referral to gastroenter-
ology outpatient clinics in the developed world, 
affecting between 10–20% of the population [6] 
yet, despite its high prevalence, its pathogenesis 
51Bioactive Foods in Promoting Health: Probiotics and Prebiotics 
remains poorly understood. For many years, 
models of IBS have focused on visceral hyper-
sensitivity and stress and therapeutic targets 
within the enteric nervous system and higher 
centers within the central nervous system [7]). 
However, there is growing evidence for a role in 
the gastrointestinal (GI) microbiota in the etiol-
ogy and treatment of IBS [8].

Probiotics are defined as ‘live microorgan-
isms, which, when administered in adequate 
amounts, confer a health benefit on the host’ 
[9]. Research and clinical trials into probiotics 
has grown at an exponential rate. There is now 
evidence for their use in a wide range of GI dis-
orders including the treatment of Clostridium 
difficile associated diarrhea [10], inflammatory 
bowel disease [11], acute gastroenteritis [12–14] 
and necrotizing enterocolitis [15]. This chap-
ter aims to explore a mechanistic framework 
behind how probiotics might be of benefit in 
IBS. It then comprehensively reviews current 
clinical trials of probiotics in the treatment of 
IBS with a view to synthesizing guidance for 
the healthcare professional.
3 © 2010, Elsevier Inc. All rights reserved.
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2. the roLe of the 
gaStroINteStINaL mICrobIota 
IN IrrItabLe boweL SyNDrome

There are a number of factors which suggest 
that the GI microbiota might play a role in the 
pathogenesis of IBS. alterations in the composi-
tion of the fecal and mucosa-associated microbi-
ota, low-grade mucosal inflammation, increased 
incidence following acute gastroenteritis and 
a tentative link with small intestinal bacterial 
overgrowth (SIBo) have all been demonstrated.

There have been a number of studies to exam-
ine differences in the GI microbiota in patients 
with IBS and healthy controls. early studies 
examining fecal bacteria using traditional cul-
ture methods found lower concentrations of coli-
forms, lactobacilli and bifidobacteria and higher 
numbers of pseudomonas and enterobacteria in 
patients with IBS [16, 17]. However, as the major-
ity of the fecal microbiota are obligate anaerobes,  
these studies are limited by the use of bacterial 
culture which is now known to grossly under-
estimate fecal bacterial population [18]. a com-
prehensive study examined the fecal microbiota 
of 27 patients with IBS and 22 healthy controls 
using real-time PCR [19]. Comparisons were 
made between the phenotypic subtypes of IBS: 
diarrhea-predominant (IBS-d), constipation- 
predominant (IBS-C) and alternating IBS (IBS-a). 
Concentrations of lactobacilli were significantly 
lower in IBS-d compared to IBS-C (p  0.019) 
although not when compared to controls. There 
was a trend towards lower concentrations of 
bifidobacteria in IBS-d compared to controls 
and IBS-C, albeit non-significant (p  0.17). In a 
subsequent publication, the same group pooled 
the fecal samples by IBS subgroup (IBS-d, IBS-C 
and IBS-a) and controls, extracted the bacterial 
dna and analyzed it using high throughput 
16S ribosomal Rna sequencing [20]. Using 
population analysis, the study found signifi-
cant differences between each IBS subgroup and  
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controls. This study suggests that differing phe-
notypes of IBS patient appear to have a unique 
microbial profile. Studies such as these might be 
of particular importance in designing therapeu-
tic strategies with probiotics bacteria.

one study has used endoscopic biopsies to 
compare the mucosa-associated microbiota in 
IBS [21]. Given their proximity to the GI epithe-
lial surface changes in the bacterial population 
have the potential to influence the host in par-
ticular via interaction with the immune system. 
This study using fluorescent in situ hybridiza-
tion (FISH) found an expansion of the mucosa-
associated microbiota in IBS patients and that 
this was composed of the pro-inflammatory 
species bacteroides and clostridia. Subgroup 
analysis demonstrated significant reduction in 
bifidobacteria in IBS-d patients compared to 
controls and IBS-C patients.

due to the wide range of techniques, differ-
ing patient groups and the complexity of the 
GI microbiota, it becomes difficult to draw firm 
conclusions from this series of studies. despite 
these difficulties, there does appear to be a con-
sistent theme of a relative reduction of the lacto-
bacilli and bifidobacteria in patients with IBS 
and higher concentrations of species such as 
enterobacteriaceae, coliforms and bacteroides. 
However, what is less clear, without a greater 
understanding of the metabolic and immuno-
logical roles of the GI microbiota, is whether 
these changes are a primary or secondary 
phenomenon.

In addition to differences in the GI micro-
biota in IBS there is increasing evidence of an 
activation of the intestinal immune system in 
IBS. Increased concentrations of intra-epithelial  
lymphocytes [22, 23], mast cells [24–27] and  
5-HT-secreting enterochromaffin cells [28] have 
been found in the mucosa of patients with IBS 
and in particular those with post-infectious 
IBS (PI-IBS) [29]. The consistent demonstration 
of low-grade inflammation has led to specula-
tion regarding a link between IBS and IBd [30]. 
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Irritable bowel syndrome may be considered as 
part of the spectrum of colonic inflammation, 
with Crohn’s disease (Cd) and ulcerative colitis 
(UC) at one end, and normality [8].

a link between acute gastroenteritis and 
IBS has been established for many years [2]. 
Between 20–30% of cases of IBS have a clear 
infective trigger [31], typically caused by bacte-
rial gastroenteritis secondary to Campylobacter 
jejuni, salmonella or Escherichia coli (E. coli). a 
longitudinal study monitored long-term seque-
lae following an outbreak of gastroenteritis due 
to water contamination in a town in Canada 
resulting in over 2,300 cases of gastroenteri-
tis [32]. Using the unaffected population as 
 controls, this study found that over the course 
of 2 years the odds ratio for developing IBS in 
the affected population was 4.8 (confidence 
interval, CI, 3.4–6.8 p  0.001). Gastroenteritis 
may lead to an increased risk of developing IBS, 
either through persistent activation of the host 
immune system or through the establishment of 
a dysbiosis in the host GI microbiota although 
there is no direct evidence of this yet.

Finally, there is controversial evidence link-
ing SIBo and IBS. Bloating and flatulence are 
common symptoms of IBS [33], and bacte-
rial fermentation of undigested carbohydrate 
leads to production of gases carbon dioxide, 
hydrogen and methane. Several authors have 
hypothesized a link between increased fermen-
tation, gas production and IBS [34, 35] although 
other studies have suggested altered tone in the 
abdominal wall and diaphragm [36]. Several 
studies by the same group found an increased 
incidence of SIBo, using a lactulose hydrogen 
breath test (lHBT), in IBS between 78–84% 
[37–40]. However, when the incidence of SIBo 
is measured using jejunal aspiration and culture 
(regarded as the gold standard) the incidence 
has been found to be around 4% [41]. despite 
these discrepancies, a number of randomized 
placebo-controlled trials of antibiotics to treat 
SIBo have been conducted based on these data 
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with marked success. Taken together with the 
evidence of an altered fecal and mucosa-associ-
ated microbiota, post-infectious IBS and an up-
regulated immune system there is a consensus 
of data suggesting a role for the microbiota in 
the etiology of IBS. Furthermore, modulation 
of the GI microbiota, whether linked to SIBo 
or not, with antibiotics has been shown to 
be of benefit in the treatment of IBS [42, 43]. 
However, there is no long-term data for the effi-
cacy of antibiotics, and given problems of drug 
resistance and the rising incidence of Cdad, 
repeated courses of antibiotics are not without 
risk. Therefore, using probiotic bacteria to mod-
ulate the GI microbiota in IBS is an attractive 
therapeutic option.

3. ProbIotICS IN IbS

3.1. mechanisms of action

There is an increasing interest in the role of 
probiotics in IBS. due to the widespread prev-
alence of the disorder there has also been a  
corresponding growth in advertising of probi-
otic products, aimed at the general public, and 
targeting common IBS symptoms such as slow 
transit and bloating. The style and the nature of 
this advertising, which often claims to be scien-
tifically proven, has led many clinicians to view 
probiotics with some scepticism [44]. However, 
in a number cases, there are substantial in vitro 
and clinical trial data which set out a clear 
rationale for the use of species specific probiot-
ics in IBS.

In order to be of clinical benefit, probi-
otic bacteria must be able to survive GI transit 
(e.g. gastric acid and bile acid resistance) and 
then be able to demonstrate functional efficacy 
[45]. With respect to the relieving of IBS symp-
toms, the functional characteristics are likely to 
include immune stimulation, reduction of intes-
tinal epithelial permeability, modulation of the 
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enteric nervous system and the suppression of 
enteropathogenic colonization.

There is substantial evidence demonstrating 
that probiotic bacteria can interact with the host 
GI mucosal immune system [46–51]. Given the 
evidence demonstrating an increase in immune 
cell populations in IBS, it is probable that immu-
nomodulation by probiotics is a key constituent 
of their mechanism of action. Probiotics have 
been shown to interact with both the innate 
and adaptive arms of the GI immune system. 
Tissue culture studies have shown that specific 
probiotics can block the inflammatory effects 
of E. coli on colonic epithelial cells and circu-
lating macrophages [48, 49]. Probiotic bacteria 
have been shown to directly interact with the  
immune system, increasing mucosal anti-inflam-
matory cytokines transforming growth factor 
beta (TGF) and interleukin-10 (Il-10) [52, 53],  
and reducing pro-inflammatory cytokines such 
as Il-12 and interferon gamma (IFn) [54]. 
although studies have demonstrated that some 
of the bacteria in commercial probiotic prepa-
rations are non-viable [55], experiments have 
shown that even bacterial fragments have pro-
found immunological effects [44]. Cytosine-
phosphate-guanosine (CpG) motifs are common 
dna sequences in bacteria not found in human 
dna and act as an epitope for TlR-9 [56] found 
on intestinal epithelial cells, thus exerting anti-
inflammatory effects. In a murine model of coli-
tis, gamma irradiated, non-viable probiotics were 
shown to have an equal anti-inflammatory effect 
to viable probiotic bacteria [57]. Potentially 
target molecules could be developed with an 
anti-inflammatory profile, yet stable at room 
temperature, resistant to pH, bile salts and 
enzymatic degradation.

Specific probiotics also appear to directly 
modulate intestinal pain. Lactobacillus acido
philus has been shown to up-regulate μ-opioid 
and cannaboid receptors in colonic epithelial 
cell lines and in the colonic epithelium in pre-
treated rats and mice [58]. Using rat, stress 
model of visceral hypersensitivity, pre-treatment 
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with the probiotic ameliorated pain. Similarly, 
Lactobacillus paracasei attenuated abdominal 
pain and mucosal inflammation in an antibiotic 
induced murine model of visceral hypersen-
sitivity [59]. In addition, the same species has 
been shown to attenuate colonic hypercon-
tractility in a Trichinella spiralis model of P-IBS 
[60]. This response was specific to L. paracasei 
or its depleted culture medium (suggesting it 
was mediated via a secreted protein) and not 
seen in several other species used in the same 
experiment.

Probiotics have also been shown to alter the 
integrity of the GI mucosa. The probiotic VSl#3 
(a combination of nine strains of various bifi-
dobacteria, lactobacillus and S. thermophilus) 
has been shown to induce mucin production in 
the colon via up-regulation of the gene MUC2 
[61]. Escherichia coli nissle 1917 has been shown 
to repair barrier function of T84 human colonic 
cells following disruption by enteropathic  
E. coli by up-regulating tight junction pro-
teins [62]. Finally, as part of a RCT of a probi-
otic drink containing Streptococcus thermophilus, 
Lactobacillus bulgaricus, Lactobacillus acidophilus 
and Bifidobacterium longum in patients with IBS-
d, intestinal permeability was analyzed [63]. In 
addition to a significant improvement in glo-
bal symptom score (see Table 30.1) there was a 
significant decrease in small intestinal perme-
ability, measured by lactulose to mannitol uri-
nary excretion ratios (0.038 vs 0.024, p  0.004). 
Interestingly, there was no change in colonic per-
meability when measured by sucralose urinary 
excretion, suggesting the effects are specific to 
the small bowel. as several studies have shown 
increased GI permeability in IBS [64, 65] thera-
pies that improve barrier function may allevi-
ate symptoms via this mechanism. a further 
study using VSl#3 demonstrated that probiotic 
administration led to up-regulation of chloride 
channels in damaged rat epithelium. These 
channels play a vital role in water absorption 
in the gut [66], and their up-regulation reduces 
diarrhea; however, this novel mechanism  
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of action has yet to be confirmed in human 
studies.

Finally, probiotics have been shown to sup-
press enteropathogenic colonization of the 
lumen and subsequent adhesion and invasion 
of the GI mucosa. For example, a number of  
in vitro studies have demonstrated that select 
probiotics inhibit enteropathogenic growth, 
such as pathogenic E. coli and Salmonellae typh
imurium [67, 68]. This effect, termed colonization 
resistance, may be via direct antimicrobial action 
via probiotic production of antimicrobials [69] 
or by altering the environment such as lowering 
pH by production of short-chain fatty acids that 
lower luminal pH [70], both of which inhibit 
enteropathogenic growth. Given the relationship 
between acute gastroenteritis and IBS, this may 
be an important mechanism although there is lit-
tle evidence to suggest a long-term colonization 
by pathogenic bacteria. It may be that coloniza-
tion resistance may also influence the relative 
fecal and mucosal dysbiosis that has been dem-
onstrated in patients with IBS. Small intestinal 
bacterial overgrowth, an alternative form of 
abnormal colonization of the GI tract, has been 
controversially linked to IBS [39, 71]. a small 
trial of Lactobacillus shirota in 14 patients with 
concomitant IBS and positive lHBT normalized 
the breath test in 64% of patients studied and 
significantly retarded the initial rise in breath 
hydrogen (p  0.03). However, potentially due 
to the size of the study, there was not a signifi-
cant improvement in IBS symptoms. Given the 
data supporting the use of antibiotics in IBS, it 
would be interesting to see the effects of probiot-
ics on GI fermentation in IBS in larger studies.

3.2. Clinical trials

numerous trials have investigated the thera-
peutic benefit of probiotics in IBS albeit with 
contrasting results, and more recently there have 
been two systematic reviews [72, 73] and two 
meta-analyses [74, 75]. Common to many trials 
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of probiotics, studies of probiotics in IBS have a 
marked heterogeneity in dosing regimens, spe-
cies used and clinical endpoints. a number of 
the trials are of ‘synbiotics,’ preparations con-
taining both a probiotic and a prebiotic in order 
to improve colonization of the probiotic in the 
gut. Prebiotics are selectively fermented short-
chain carbohydrates that allow specific changes, 
both in the composition and/or activity in the 
GI microbiota, that confers a health benefit 
[76]. It is beyond the scope of this chapter to 
review the literature on prebiotics and IBS and 
thus the focus is on the evidence for probiotic 
bacteria. Finally, many of the trials have been 
hampered by large placebo effects, a common 
feature of many trials in IBS [77, 78]. Table 30.1 
summarizes the important RCTs over the last 
10 years, highlighting the species used, the trial  
design and results. Several trials have been 
excluded from this list for failure to compare 
with placebo [79], re-analysis of old data [80], 
unclear endpoints [81] or the use of multiple 
interventions [82].

Many early studies were small single- 
centered trials [78, 83–86] although a number 
of much larger multi-centered trials have also 
been undertaken, reflecting the growing interest 
in the area [87–90]. There are three studies using 
a liquid form of Lactobacillus plantarum with two 
studies showing some benefit [85, 91] and one 
with no significant benefit however significantly 
underpowered [86]. However, these initial 
results have never been followed up in larger 
multi-centered studies. Trials of Lactobacillus GG 
(lGG), a species which has had significant effi-
cacy in the treatment of infectious diarrhea in 
children [13], have had some success in treating 
childhood IBS and recurrent abdominal pain 
[83, 92]. However, a Cochrane review of dietary 
intervention in functional bowel disorders in 
children found insufficient evidence to support 
its use [93]. a single trial of 54 patients with IBS 
Lactobacillus reuteri aTCC 55730 over a period 
of 6 months demonstrated an improvement in 
the global symptom scores (GSS) from baseline 
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tabLe 30.1 Summary of recent randomized controlled trials of probiotics in IBS

References n Intervention  
(daily dose)

Duration 
(weeks)

Result

Kajander et al [122] 103 Lactobacillus GG, L. rhamnosus 
lC705, B. breve Bb99, 
Propionibacterium freudenreichii 
spp. shermanii JS

26 Significant reduction in GSS 
p  0.015

Kim et al [84] 48 VSl#3 (1011) 4 Failed to show improvement in 
bloating scores (PeP) p  0.19

Reduction in flatulence scores 
p  0.01

Bausserman et al [83] 50 L. GG (1010) 6 Failed to show reduction in GSS 
over placebo p  0.77 (children)

niv et al [78)] 54 L. reuteri aTCC 55730 (108) 26 Failed to show benefit in GSS over 
placebo

o’Mahony et al [101] 67 B. infantis 35624 (1010)
L. salivarius UCC4331

8 B. infantis showed significant 
improvement in GSS over placebo 
p  0.05, L. salivarius failed to show 
benefit

Tsuchiya et al [114] 68 L. helviticus, L acidophilus, 
Bifidobacterium (109)

12 Global assessment 80% vs 10% 
p  0.01

Kim et al [98] 25 IBS-d VSl#3 (1011) 8 no difference in transit or GSS, 
reduction in bloating p  0.046)

Sens et al [86] 12 L. plantarum 299V (107) 4 Failed to show reduction in GSS 
over placebo

niedzielin [85] 40 L. plantarum 299V (107) 4 PeP defined as resolution of pain: 
100% vs 55% p  0.001

nobaek et al [91] 60 L. plantarum 299V (1010) 4 Improved flatulence only p  0.05

enck et al [88] 298 E. coli dSM17252 (107–108) 8 Complete remission 18.4% vs 4.7% 
p  0.001

Williams et al [115] 52 L. acidophilus (nCIMB 30157) 
and (nCIMB 30156), B. lactis 
(nCIMB 30172) and B. bifidum 
(nCIMB 30153) (1010)

8 Significant improvement in GSS 
over placebo p  0.02

andriulli et al [87] 267 Lactobacillus paracasei B21060 
(1010)  prebiotic vs prebiotic 
alone

12 Failure to show improvement over 
placebo in GSS

drouault-Holowacz  
et al [104]

100 B. longum la 101 (29%),  
L. acidophilus la 102 (29%),  
L. lactis la 103 (29%) and  
S. thermophilus la 104 (13%) 
(1010)

4 Failure to show improvement over 
placebo in GSS

Sinn et al [113] 40 L. acidophilus SdC 2012,2013 
(109)

4 Significant reduction in abdominal 
pain p  0.011

Kajander et al [123] 86 L. GG, L. rhamnosus lC705,  
B. breve Bb99, Propionibacterium 
freudenreichii spp. shermanii JS

20 Significant reduction in GSS 
p  0.008
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tabLe 30.1 (Continued)

References n Intervention  
(daily dose)

Duration 
(weeks)

Result

Guynonnet et al [77] 274 IBS-C B. animalis dn 173 010 6 although significant improvement 
over baseline, no benefit over 
placebo

Whorwell et al [90] 362 B. infantis 35624 (108) 4 Reduction in pain score (PeP) 
p  0.03

Reduction in GSS p  0.01

Gawronska et al [48, 92] 37* L. GG (109) 4 GSS 33% vs 5.1% p  0.04 
(children)

*Sub-group analysis of IBS in a larger cohort of functional abdominal pain disorders. (PeP – Primary endpoint; GSS – Global 
symptom score).
but due to a large placebo effect failed to show 
any benefit over controls [78]. The combination 
probiotic VSl#3 has been used in a number of 
trials for the treatment of ulcerative colitis (UC) 
[94] and pouchitis [95, 96] and has extensive 
in vitro data demonstrating immunomodula-
tory action [97] and enhanced epithelial bar-
rier function [66]. However, trials of VSl#3 in 
the treatment of IBS, although well designed, 
have had mixed results. an initial trial of 25 
patients with IBS-d used colonic transit (meas-
ured by scintography) as the primary endpoint 
with reduction in symptom scores as secondary 
targets [98]. However, there was no significant 
reduction in GI transit in the study group and 
the only significant symptom score reduction 
was in abdominal bloating. Therefore, a second, 
larger trial was designed with 48 patients with a 
reduction in abdominal bloating as the primary 
endpoint and colonic transit and other symp-
toms as secondary endpoints. although there 
was only a non-significant reduction in abdomi-
nal bloating in the study group versus placebo 
(31.3  3.1 vs 38.5  3.1, p  0.22) there was a 
significant reduction in flatulence (29.7  2.6 
vs 39.5  2.6, p  0.01). In addition, VSl#3 sig-
nificantly retarded colonic transit (p  0.05) 
although without a corresponding change in 
stool frequency or form. Thus there is only 
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weak evidence supporting the use of VSl#3 in 
IBS at present.

In contrast to VSl#3, which appears to have 
greater efficacy in UC than in IBS, Bifidobacteria 
infantis 35624 was a probiotic species, specifically 
designed to work in UC with robust in vitro data 
behind it [50, 99]. despite this, an international 
multi-center trial of maintenance of steroid-
induced remission in UC failed to show effi-
cacy of B. infantis over placebo [100]. However, 
in a trial of 77 patients with IBS randomized 
to either B. infantis or Lactobacillus salivarius or 
placebo, B. infantis significantly reduced pain, 
bloating and bowel satisfaction scores in com-
parison to placebo as well as composite scores 
[101]. In addition, patients with IBS were shown 
to have abnormal Il-12/Il-10 cytokine ratios at 
baseline suggesting a pro-inflammatory state; 
these ratios were normalized in the patients  
taking B. infantis. These data have been sup-
ported in a large multi-center dose finding trial of  
B. infantis in 362 female patients with IBS, ran-
domized to four groups taking doses of 106 

or 108 or 1010 cfu per day or placebo [90]. The 
group taking B. infantis 108 cfu per day scored 
significantly better than placebo in all symp-
tom groups including a global assessment of 
IBS relief which was the primary endpoint 
(62.3  6.2 vs 42.0  6.4, p  0.02). Interestingly, 
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although the original trial had used a dose of 
1010 cfu in a liquid preparation in this second 
study, the group taking 1010 performed worse 
than placebo; this was later found to be due to 
problems with a novel capsule formulation.

Two trials by the same group have used a 
multi-species probiotic containing L. rhamno
sus GG, L. rhamnosus lC705, Bifidobacterium 
breve, Propionibacterium freudenreichii spp. and  
shermanii JS [102, 103]. The first single-center 
trial of 103 patients with IBS found that at the 
end of a 6-month treatment regimen there was 
a mean difference in reduction of the total 
symptom scores (the primary endpoint) of 7.7 
points (p  0.015). The second follow-up study 
of 86 patients confirmed benefit, with a differ-
ence in reduction in GSS of 11 points (p  0.01) 
between treatment group and control. However, 
there were marked differences in baseline sever-
ity scores between treatment groups and con-
trols, with the treatment group having greater 
symptom severity and therefore more likely to 
improve. In addition, a high proportion of both 
control and treatment arms were prescribed anti-
biotics in the treatment period (22%) although 
significantly different between arms. This study 
examined inflammatory cytokines and C-reactive  
protein (CRP) levels but found no significant 
differences between baseline and the end of 
the trial. a notable feature in these trials was 
the longer treatment period of 5 and 6 months, 
respectively, with a consistent GSS improve-
ment over the treatment course; however, there 
is no data to suggest whether this response is 
sustained after cessation of probiotic intake.

In 2007 and 2008, there were several well-
designed, large, multi-center trials of probiotics in 
IBS that have failed to demonstrate benefit, again 
often in part due to a high placebo response [77, 
87, 104]. The trial of B. animalis dn 173010 in 274 
primary care patients with IBS-C did demon-
strate significant symptomatic relief compared to 
baseline in its primary endpoint (improvement in 
a functional bowel disorder quality of life score)  
but not over placebo [77]. However sub-group 
d. PRoBIoTICS
analysis of patients with less than three bowel 
motions a week (n  19) at baseline showed a 
significant rise in stool frequency compared to 
controls (p  0.001). Potentially recruiting from 
primary rather than secondary care meant that 
overall patients had less severe symptoms and 
therefore benefit was harder to achieve. one of 
these trials used a symbiotic preparation Flortec®, 
a combination of prebiotic (xylo-oligosaccharide) 
and probiotic (L. paracasei B21060) in its treat-
ment arm and prebiotic alone in the control arm 
[87]. The improvement in global relief scores was 
almost identical in the study and control arm. 
However, one placebo-controlled trial of different 
prebiotic product, trans-galacto-oligosaccharide 
in the treatment of IBS, demonstrated signifi-
cant reduction in GSS over placebo [105]. Thus, 
the lack of efficacy over placebo in the trial of  
L. paracasei may be due in part to a beneficial 
effect of the prebiotic in the control arm.

a small single-center study of 40 IBS patients 
randomized to L. acidophilus SdC 2012 and 2013 or 
placebo showed significant benefit over placebo. 
Using any reduction in abdominal pain scores 
as a primary endpoint comparing L. acidophilus 
to placebo there was a 23.8% (15.3–32.3) versus 
0.2% (14.3–14.7) reduction in pain (p  0.003). 
However, this study did not use a global symp-
tom relief score as an endpoint, and using any 
reduction in pain as ‘a responder’ is question-
able. It is interesting that there appeared to be no 
appreciable placebo effect in this trial conducted 
in South Korea in contrast to many of the studies 
mentioned in this chapter. a study which used 
L. acidophilus (nCIMB 30157 and 30156) in com-
bination with B. lactis (nCIMB 30172) and B. bifi
dum (nCIMB 30153) also demonstrated benefit. 
at the end of the 8-week trial of 52 IBS patients 
randomized to the probiotic combination (sold as 
laB4®) or placebo there was a significant drop 
in the symptom severity score in the study arm 
over controls (133 vs 80, p  0.05). However, once 
again the study arm had a higher baseline sever-
ity score than placebo and this effect was negated 
two weeks after stopping the probiotic.
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Finally, a primary care-based, placebo- 
controlled trial in IBS of 298 patients diagnosed 
by primary care criteria [106] were randomized 
to either E. coli dSM 17252 only or placebo. 
In this study, response was defined as ‘clini-
cal remission’ with complete resolution of IBS 
symptoms. In comparison to placebo the treat-
ment arm achieved complete remission in 18.4 
vs 4.6% (p  0.0004) of patients studied (inten-
tion to treat analysis). In addition, there was a 
50% drop in abdominal pain scores of 18.9 vs 
6.7% in treatment and placebo groups, respec-
tively (p  0.001). This trial was based on a 
much earlier trial of E. coli dSM 17252 in com-
bination with Enterococcus faecalis dSM 16440 
originally published in the early nineties [107], 
and then re-analyzed [80] by re-defining the 
clinical endpoints to give a GSS in accordance 
with modern guidelines. This had demonstrated 
a response rate (defined by a drop in GSS by 
50%) was significantly better in the treatment 
arm than placebo (68.5 vs 37.8%, p  0.001) [80] 
(data not included in Table 30.1). although both 
of these trials failed to use Rome or Manning 
definitions in their inclusion criteria, they were 
otherwise large and well designed. data from 
primary, rather than secondary, care are par-
ticularly useful given that probiotics are freely 
available to the general public.

4. DISCUSSIoN

Irritable bowel syndrome remains one of the 
more difficult gastroenterological conditions to 
treat. despite its widespread prevalence and 
extensive research into novel pharmaceutical 
therapies most clinicians rely on traditional ther-
apies such as anti-spasmodics, anti-diarrheals, 
laxatives and fiber [108]. although initially 
promising, new therapies such as tegaserod 
[109] and alosetron [110] are costly, and meta-
analysis has demonstrated only modest benefit 
as well as the potential for complications [111]. 
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Therefore, probiotics, given their impressive 
safety profile and relatively low cost, are an 
attractive proposition.

Perhaps the biggest obstacle to new thera-
pies in IBS is the heterogeneous nature of the 
disorder. although some of the clinical trials 
examined benefited in only IBS-d or IBS-C sub-
groups the majority did not. differing probi-
otic species are likely to cause different effects 
on GI transit and stool composition. defining 
IBS by sub-groups is only the beginning of a 
process of differentiation by a clinician. Some 
patients clearly have psycho-social issues likely 
to respond to therapies that directly address 
this whereas others may have a primary neu-
romotility disorder. The focus for much of the 
research into novel therapies in the past decade 
has focused on the brain–gut axis and phar-
macological targets within the enteric nervous 
system and relatively little attention paid to the 
contents of the GI tract. However, the evidence 
for alterations into the GI microbiota in IBS such 
as differences in concentrations of fecal bacte-
ria, PI-IBS, and SIBo supports its therapeutic 
manipulation.

Based on current evidence, the probiotics 
with the most robust data for efficacy in treating 
IBS are B. infantis 35624 and E. coli dSM 17252. 
Both of these probiotics have had initial success-
ful trials supported by larger studies [80, 88, 90, 
101]. In the case of B. infantis there are a number 
of in vitro studies supporting its mechanism of 
action and furthermore data in human studies 
demonstrating anti-inflammatory effects. one 
reservation with regard to the second, larger 
study of B. infantis is that it was only conducted 
in women and, therefore, there is less evidence 
to support its use in men. The probiotic combi-
nation of L. rhamnosus GG, L. rhamnosus lC705, 
B. breve, Propionibacterium freudenreichii spp. 
and Shermanii JS has also demonstrated sig-
nificant benefit in two sequential trials [89, 112]. 
However, both trials recruited from a single 
center and were conducted by the same inves-
tigators. a larger, ideally multi-national, trial 
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would be helpful before making stronger rec-
ommendations. Many other products have been 
hampered by a large placebo effect; in particu-
lar, a large trial of B. animalis dn 173010 [77]. 
However, given the sub-group analysis showing 
benefit in patients with a stool frequency of less 
than 3 a week, the use of B. animalis dn 173010 
could be cautiously recommended in patients 
with severe IBS-C although clearly further data 
are needed. There are obviously a number of 
smaller trials that demonstrated benefit [113–
115] but given the limited numbers and lack 
of supporting evidence it is difficult to recom-
mend their use at this stage. Single-center, pilot 
data suggesting benefit for a probiotic agent in 
treating IBS, should be supported by data from 
larger multi-centered trials.

one systematic review on probiotics in IBS 
concluded that B. infantis 35624 had the strongest  
evidence for efficacy in the treatment of IBS [73], 
although it is worth mentioning that the most 
recent trial of E. coli dSM 17252 had only just 
been published at the time of writing [88]. Three 
meta-analyses all agreed that probiotics were 
beneficial to varying degrees: McFarland et al. 
relative risk (RR) of not improving GSS 0.77 
(95% confidence interval (95% CI) 0.62–0.94) 
[74], Moayeddi et al. RR not improving GSS 0.72 
(95% CI 0.57–0.88) [72] and Hoveyda et al. odds 
ratio (oR) of symptomatic improvement 1.63 
(95% CI 1.23–2.17) [75]. These data are encour-
aging, particularly as all three analyses appear 
to concur to some degree; however, meta-anal-
ysis of trials of probiotics in any clinical condi-
tion is difficult. efficacy of a probiotic species 
in one disease process cannot be extrapolated 
to another. Similarly, results suggesting a spe-
cific species of Lactobacillus is beneficial in the 
treatment of IBS does not mean that alternative 
lactobacilli will be equally efficacious. each pro-
biotic product needs to be rigorously trialed and 
preferably initially in the laboratory in either 
cellular or animal models of IBS. Meta-analy-
sis or systematic reviews which group dispa-
rate species of probiotics together, risk diluting 
d. PRoBIoTICS
evidence of successful trials with studies using 
entirely different species and vice versa.

like any therapeutic agent, probiotics can 
have adverse side effects although in the main 
these have been relatively minor in trials treat-
ing IBS. Probiotics have been used safely and 
effectively in a variety of patient groups with-
out harmful effects, including neonates with 
necrotizing enterocolitis [116], human immu-
nodeficiency virus [117] and chemotherapy 
induced neutropenia [118]. However, there 
are a number of case reports of sepsis follow-
ing probiotic [119], although all within an  
inpatient hospital setting. Guidelines have 
divided risk factors for adverse events following 
probiotic use into major (immune compromise, 
 premature infant) and minor (central venous 
catheter, impaired intestinal barrier function, 
administration via jejunostomy, probiotics with 
known pathogenic factors, cardiac valvular 
disease, and the use of antibiotics to which the 
probiotic is resistant) [119]. a further important 
safety consideration is that antibiotic resistance 
genes should not be transferable to other gas-
trointestinal microbiota [120]. a randomized 
controlled trial of a multi-species probiotic in 
patients with acute severe pancreatitis found 
that patients in the study arm had a higher mor-
tality rate than the placebo arm (RR 2.53; 95% CI 
1.22–5.25) [121]. Clearly, acute pancreatitis car-
ries a significant morbidity and mortality in its 
own right and there are few parallels between 
this condition and IBS. However, it does high-
light that probiotics can be much more than  
just ‘nutritional’ supplements and should be 
treated as so.

Therefore, given that the vast majority of IBS 
treatments are conducted in either primary care, 
secondary care, outpatient, or probiotics are 
safe to use. This chapter has explored the ways 
in which probiotics are likely to work and given 
guidance on which probiotics have proven effi-
cacy in the treatment of IBS. Selecting which 
patients are likely to respond remains a difficult 
dilemma. novel methods of identifying those 
 and HealTH
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likely to benefit from manipulation of the GI 
microbiota as opposed to psychological or neu-
romotility therapy are needed. Furthermore, as 
our understanding of the interaction between 
the host and the GI microbiota improves, new 
probiotic strains and new mechanisms of action 
are likely to be discovered.

5. CoNCLUSIoNS

There is now sufficient evidence to suggest 
the use of certain, species specific, probiot-
ics in the treatment of IBS. Based on the trials 
reviewed in this chapter B. infantis 35624 and  
E. coli dSM 17252 have shown in more than one 
trial to significantly reduce symptom burden in 
IBS. In addition, there is limited evidence for 
the use of the combination probiotic contain-
ing L. rhamnosus GG, L. rhamnosus lC705, B. 
breve, Propionibacterium freudenreichii spp. and 
Shermanii JS. Probiotics offer a safe, sustainable 
method of manipulating the GI microbiota in 
IBS and producing symptomatic relief.
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C H A P T E R
1. InTroDUcTIon

It is now well established that the intestinal 
microbiota play an important role in human 
health and disease. There is an increasing inter-
est in the consumption of functional foods, par-
ticularly probiotics and prebiotics, to improve 
gastrointestinal microbiota and confer favorable 
effects on the host. However, it is often difficult 
to study the effects of probiotics and prebiotics 
in vivo. This is largely due to the difficulties of 
studying the human intestinal microbiota; e.g. 
difficulties of controlling genetics and environ-
mental and dietary conditions of humans. Thus, 
the results of studies with human volunteers are 
often not clear. There are also ethical problems 
associated with utilizing pathogens, carcino-
gens or toxic substances in human volunteers.  
In addition, it must be kept in mind that the 
composition and metabolic activities of the 
intestinal microbiota of experimental animals 
are significantly different from those of humans 
53ctive Foods in Promoting Health: Probiotics and Prebiotics 
[1], making extrapolation of results from ani-
mal studies to the human system questionable.  
To find a solution to this problem, germfree ani-
mals associated with human fecal microbiota,  
i.e. human flora-associated (HFA) animals, 
have been considered as a tool for studying the  
ecology and metabolism of intestinal bacteria of 
humans [2].

2. ProDUcTIon of  
HfA AnIMALS

By inoculating feces from various species of 
animals and humans, the fecal bacteria of the 
donor animals can be transferred to germfree 
animals [3–7]. Hirayama et al. [1, 8] inoculated 
germfree mice with the fecal suspension of dif-
ferent healthy human adults and the major 
composition of human microbiota could be 
transferred into HFA mice. However, bifido-
bacteria were eliminated from some of the HFA 
1 © 2010, Elsevier Inc. All rights reserved.
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mouse groups [1]. Interestingly, the elimination 
of bifidobacteria seemed to be dependent on the 
composition of the microbiota in the inoculated 
samples.

studies exploiting modern molecular biology-
based methods also demonstrated that transplan-
tation of intestinal microbiota from a human to 
germfree animals produced a donor-like micro-
bial community with minor modification [9, 10], 
while some studies raised questions about the 
adequacy of HFA animals as a model to study 
the ecology of the human intestinal tract [11, 12].

3. MeTABoLIc AcTIVITIeS  
of InTeSTInAL MIcroBIoTA  

of HfA AnIMALS

mallett et al. [13] demonstrated that certain 
cancer related enzymic activities of human fecal 
microbiota can be simulated in rats associated 
with human intestinal bacteria. Hirayama et al. 
[1] reported that the activities of some enzyme 
activities of intestinal flora in HFA mice were 
similar to those in humans and different from 
those in conventional mice, while the others 
were not. The concentrations of putrefactive 
products in the feces of HFA mice were much 
lower than those in human feces and similar 
to those in conventional mice, while p-cresol, 
which is detected in human feces but not in con-
ventional mice, was detected in most of the HFA 
mouse groups, and the concentration of fecal 
indole in some of the HFA mouse groups was 
significantly higher than that in conventional 
mice [1]. Although the concentration of fecal 
short-chain fatty acids (scFAs) in HFA mice 
was significantly lower than that in humans and 
similar to that in conventional mice, the compo-
sition of scFAs in HFA mice was closer to that 
in humans than that in conventional mice [1].

Thus, bacterial metabolism in the intestine 
of HFA mice reflected that of human feces with 
respect to some metabolic activities but not others,  
e. AnImAl models To
even though the bacterial composition of the 
feces of HFA mice was similar to that of the 
inocula.

4. STABILITy of InTeSTInAL 
MIcroBIoTA of HfA AnIMALS

The intestinal microbiota established in the 
intestines of HFA animals can be maintained for 
a long time [14], and the composition and meta-
bolic activities of the intestinal microbiota of HFA 
mice can be reproduced in the intestines of the 
offspring of the HFA mice without any remarka-
ble changes [1, 15]. most of the intestinal bacteria 
of mother HFA mice colonized in the intestines 
of the offspring within 3 weeks after birth and 
the compositions of the microbiota of offspring 
were similar to those of their mothers. molecular 
biology-based methods also demonstrated that, 
although a higher variation in fecal microbiota 
over time was observed for HFA than for sPF 
rats, the variation over time was less significant 
than that variation between individuals [16].

However, the development of intestinal flora in 
the offspring of HFA mice is similar to that of con-
ventional mice but not to that of human infants 
[15]. In human infants, bifidobacteria become the 
most predominant bacteria within 1 week after 
birth [17, 18], but bifidobacteria never became 
the most predominant bacteria in the infant HFA 
mice, even though the mother HFA mice har-
bored a large population of bifidobacteria [15]. 
on the other hand, Pang et al. [10] reported that 
the microbial succession with aging of HFA pig-
lets was similar to that observed in humans.

The intestinal microbiota of the HFA mice was 
also reproduced in ex-germfree mice by transfer-
ring germfree mice into the cages of HFA mice 
and allowing them to be colonized with the 
human intestinal microbiota [19]. These studies 
demonstrated that the human intestinal micro-
biota once established in HFA mice can be main-
tained for a long period.
 sTudy ProBIoTIcs
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5. APPLIcATIon of HfA  
AnIMALS To STUDIeS on  

HUMAn InTeSTInAL 
MIcroBIoTA AnD ITS  
effecTS on THe HoST

The intestinal microbiota has direct effects on 
the host and the effects of the human intestinal 
microbiota on the host have been investigated 
in vivo using HFA animals. The architecture of 
the colonic epithelial mucus layer was affected 
by the colonization of a human microbiota in 
rats [20]. Production and distribution of mucin 
were significantly different from those of germ-
free rats when the germfree rats were inocu-
lated with a human microbiota [21, 22]. Human 
microbiota associated in the rat intestine signifi-
cantly altered the number of the goblet cells and 
goblet cell glycoconjugates [20, 23]. An HFA ani-
mal study also demonstrated that microbial-diet 
interactions can affect the numbers of entero-
endocrine cells [24].

The metabolism of dietary components by 
the human intestinal microbiota can be inves-
tigated using HFA animals [25–28]. The role of 
human intestinal microbiota in modification 
on the physiological and morphological prop-
erties of the host has also been demonstrated 
in studies with HFA animals. For example, 
an important role of human intestinal micro-
biota has been reported in the effects of dietary 
components on mucosal architecture and the 
biosynthesis, secretion, and degradation of 
mucin [20, 22, 23, 29]. studies using HFA ani-
mals have also demonstrated that the human 
intestinal microbiota influences the effects of 
dietary components on some hepatic xenobiotic 
metabolizing enzymes [30, 31]. roland et al. [32] 
indicated the different effects of different types 
of dietary fiber on hepatic and intestinal drug-
metabolizing enzymes using rats inoculated 
with the human whole fecal microbiota. rumney 
et al. [33] demonstrated that hepatic s9 fraction 
from HFA rats fed diet with different cancer  
e. AnImAl models T
risk-associated macrocomponents have dif-
ferent activities in in vitro activation of dietary 
mutagens. The authors further suggested that 
risk-related dietary components interact with 
the human intestinal microbiota to modulate 
the production of endogenous dnA-adducting 
and cross-linking substances.

Immunological studies have employed  
HFA animals as an experimental tool and  
demonstrated the immunomodulatory activi-
ties of dietary components [34–36]. HFA ani-
mals have also been used in nutritional studies  
[37, 38].

comparisons between HFA animals and con-
ventional animals often demonstrate that the 
effects of human intestinal microbiota are differ-
ent from those of laboratory rodents [39]. Thus, 
HFA animals can be a useful tool for studying 
the human intestinal microbiota and its effects 
on the host in vivo.

6. APPLIcATIon of HfA  
AnIMALS To STUDIeS on 

THe effecTS of ProBIoTIcS, 
PreBIoTIcS AnD oTHer  
DIeTAry coMPonenTS 

on HUMAn InTeSTInAL 
MIcroBIoTA

HFA animals have often been used to inves-
tigate the effects of dietary supplements, such 
as probiotics [40] and prebiotics [19, 41–45], and 
changes in dietary macrocomponents [19, 33, 46] 
on the composition and metabolism of human 
intestinal microbiota. For example, djouzi et al.  
[40] demonstrated that milk fermented with 
Lactobacillus casei significantly increased the 
amount of indigenous bifidobacteria in the 
feces of HFA rats. rowland and Tanaka [41] 
reported an increase in the cecal concentration 
of total bacteria, lactobacilli and bifidobacteria 
by feeding transgalactosylated oligosaccharides 
o sTudy ProBIoTIcs
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to HFA rats. Their results were consistent with 
those obtained in a human volunteer study [47] 
although there was no change in total bacteria. 
djouzi and Andrieux [42] found that feeding of 
-galacto-oligosaccharides and -fructo-oligosac-
charides significantly increased the numbers of 
Bifidobacterium in feces but did not change the 
total numbers of anaerobic bacteria in HFA rats. 
These effects have also been observed previously 
in human subjects [47–49]. They then compared 
the effects of three different oligosaccharides in 
HFA rats and found differences among the dif-
ferent oligosaccharides in their effects on the 
intestinal microbiota.

Although some studies utilizing human vol-
unteers report significant changes in the fecal 
microbiota with changes in dietary composition 
[50], others [51, 52] report only minor effects. 
Thus, influences of different dietary compo-
nents on human microbiota may be detected 
more clearly with HFA animals rather than with 
human volunteers. Furthermore, study with 
HFA mice suggested the beneficial effects of 
fructo-oligosaccharides on the intestinal micro-
biota at doses equivalent to those usually given 
to humans, which are far lower than the doses 
used in animal experiments [19].

HFA animals have also been used to com-
pare, under controlled conditions, responses to 
dietary components of human intestinal micro-
biota of differing compositions or from different 
sources [6, 53, 54]. silvi et al. [53] investigated 
the effects of resistant starch, which is a portion 
of starch undigested by pancreatic amylase in 
the small intestine, on the intestinal microbiota 
of HFA rats inoculated with feces from Italian 
or united Kingdom donors and indicated that 
different human microbiota may respond in 
different ways to dietary change. Andrieux  
et al. [54] prepared HFA rat groups inoculated 
with human microbiota with different levels of 
methane production and showed that the effects 
of dietary seaweed on some of the metabolism 
of intestinal were different among the HFA 
groups.
e. AnImAl models T
7. APPLIcATIon of HfA  
AnIMALS To SIMULATIon of 
conDITIonS In THe HUMAn 

InTeSTInAL TrAcT

using HFA animals, the survival and activ-
ity of administered bacterial strains, which are 
necessary to have a probiotic effect, have been 
investigated [55–58]. oozeer et al. [55] demon-
strated that an inoculated lactic acid bacterial 
strain could survive and synthesize proteins in 
the intestinal environment. lan et al. [56] inves-
tigated the survival and metabolic activity of 
Propionibacterium freudenreichii, which has been 
identified as potential probiotics, within the gas-
trointestinal tract of HFA rats, and its influence 
on intestinal microbiota composition and metab-
olism. martin et al. [57] measured and mapped 
the transgenomic metabolic effects of exposure 
to probiotic strains in ex-germfree mice colo-
nized with human baby microbiota. Probiotic 
exposure exerted microbiome modification and 
resulted in altered hepatic lipid metabolism  
coupled with lowered plasma lipoprotein levels 
and apparent stimulated glycolysis. Probiotic 
treatments also altered a diverse range of path-
ways outcomes, including amino-acid metabo-
lism, methylamines and scFAs.

The effects of therapeutic doses of antibiotics 
on the human intestinal microbiota have been 
investigated with HFA animals [59–63]. Barc  
et al. [64] evaluated the influence of the adminis-
tration of probiotic Saccharomyces boulardii on the 
composition of the fecal microbiota in antibiotic 
treated HFA mouse model. After the antibiotic 
treatment was discontinued, the intestinal micro-
biota returned to the initial level more rapidly in 
the S. boulardii-treated mice than in the control 
mice. They suggested that this quicker recovery 
of normal intestinal microbiota equilibrium after 
antibiotic therapy could be a mechanism for  
S. boulardii’s preventive effect on antibiotic- 
associated diarrhea in humans. Furthermore, 
HFA animals have been employed as a model for 
o sTudy ProBIoTIcs
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evaluating the impact of drug residues in food 
on the human intestinal microbiota [62, 65, 66].

Tuohy et al. [67] investigated the transfer of 
plasmids from genetically modified microorgan-
isms in vivo and demonstrated that the HFA rat 
model provides data of real relevance to the pur-
ported risks of dnA transfer from food-borne 
genetically modified microorganisms. nijsten  
et al. [68] investigated the in vivo transfer of 
antibiotic resistance plasmids using a rat model 
associated with the intestinal microbiota of 
various origins including humans, and showed 
that the in vivo transfer of resistance plasmids 
is possible among the rat and human intestinal 
microbiota. Interestingly, the human intestinal 
microbiota appeared to permit better transfer of 
antibiotic resistance via plasmids than an intes-
tinal microbiota derived from either pigs or rats.

8. HfA AnIMALS AS A MoDeL  
for STUDIeS wHIcH Are 
IMPoSSIBLe wITH HUMAn 

VoLUnTeerS

HFA animals are useful models for studies 
that are impossible or difficult to perform with 
human volunteers. For example, there are ethi-
cal issues associated with human studies of col-
onization resistance against pathogenic bacteria 
or the effects of inoculated toxic chemicals and 
carcinogens.

HFA animals have been used as a new model 
to investigate the influence of the human intes-
tinal microbiota on mutagenic/carcinogenic 
substances in vivo. rumney et al. [69] reported 
metabolism of dietary mutagen by the intesti-
nal microbiota to 7-keto derivative, which is a 
direct-acting mutagen in the Salmonella muta-
genicity test, while the mother compound 
requires s9 activation. They also demonstrated 
that the use of HFA rats produces results partic-
ularly relevant to humans, especially when the 
e. AnImAl models To
animals are fed human diets. This conversion 
was enhanced in HFA rats fed a high-risk diet 
for colon cancer [46] and decreased by inges-
tion of an indigestible sugar [70]. Hirayama  
et al. [71] found that the capacity of human 
feces to increase or decrease mutagenic activi-
ties of chemicals could be transferred into HFA 
mice. The presence of the intestinal microbiota 
was essential for the activity of feces against the 
mutagens. HFA mice were then administered 
dietary and environmental mutagens orally and 
dnA adduct formation was investigated as an 
in vivo biomarker of cancer risk. These results 
with HFA mice clearly showed that the human 
intestinal microbiota has an active role in dnA 
adduct formation. using the same model, Horie 
et al. [72] indicated that the probiotic mixture 
could decrease the dnA adduct formation in 
the colonic epithelium induced by 2-amino-9H-
pyrido[2,3-b]indole. scheepers et al. [73, 74] also 
demonstrated with HFA rats that the metabolic 
activity of the human intestinal microbiota is an 
essential step in hemoglobin and dnA adduct 
formation.

The strong impact of human intestinal micro-
biota on the genotoxic effects of dietary mutagens 
measured by comet assay has been demon-
strated using HFA rats [75, 76]. Furthermore, the 
protective effects of dietary factors, including 
probiotics and prebiotics, against the genotoxic 
effects of carcinogens in the comet assay have 
been demonstrated in HFA animal studies [31, 
70]. The formation of aberrant crypt foci and 
chemically induced colon cancer has also been 
investigated in HFA animals [76–78].

edwards et al. [79] consequently developed 
a rat model associated with human breast-fed 
infant microbiota maintained on a modified infant 
formula to investigate the ability of the human 
microbiota to inhibit adhesion of pathogens to 
mucosal cells, as well as effects on the indigenous 
bacterial populations and bacterial metabolism. 
HFA animals have also been used for studying 
the influence of diet on colonization resistance 
[6, 80, 81].
 sTudy ProBIoTIcs
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9. USefULneSS AnD  
ProBLeMS of HfA  

AnIMALS AS A MoDeL

Thus, HFA animals provide stable models 
for studying the ecosystem and metabolism of 
the human intestinal microbiota in conditions 
similar to those found in humans. It has been 
reported that the composition and metabolic 
activities of the human intestinal microbiota 
differs from that of experimental animals. Also, 
studies have demonstrated that the role of the 
intestinal microbiota suggested in experiments 
with HFA animals is significantly different from 
that obtained from conventional animal experi-
ments [23, 34, 69, 71, 75, 78, 82].

HFA animals are also a useful substitute for 
human volunteers. It is possible to control the 
experimental conditions of HFA animals includ-
ing genetic, environmental, and dietary condi-
tions, which are often quite difficult to control 
in human studies. Furthermore, HFA animal 
experiments can be performed with a sufficient 
number of animals for statistical analysis and, 
if necessary, be repeated under the same condi-
tions. HFA animals can be challenged with path-
ogens or toxic substances that cannot be used 
ethically in human studies. Also, intestinal con-
tents, except for feces, or tissue samples cannot 
be obtained easily from healthy human subjects 
without application of invasive techniques that 
cannot be justified for ethical reasons.

HFA animals, however, have some of the same 
limitations as other animal models. For example, 
bacterial metabolism in the intestine of HFA mice 
reflects that of human feces with respect to some 
metabolic activities but not to others. some bacte-
rial groups are occasionally eliminated from HFA 
animals while other dominant bacterial groups 
remain constant. We have reported that bifido-
bacteria are eliminated from some HFA mouse 
groups, probably due to the composition of 
microbiota in the inoculated sample [1]. Therefore, 
these HFA animals without bifidobacteria cannot 
e. AnImAl models T
be used to study the effects of bifidogenic dietary 
factors. on the other hand, such bifidobacteria-
free HFA animals might be useful for studying the 
importance of bifidobacteria in the human intesti-
nal microbiota.

caution also should be exercised in extrapo-
lating the results from HFA animal experiments 
when a group of HFA animals is given the 
intestinal microbiota from just one individual. 
Further studies should be conducted to ‘stand-
ardize’ the human intestinal microbiota of HFA 
animals as an ‘average’ human microbiota. For 
example, silvi et al. [53] chose to inoculate germ-
free rats with pooled fecal suspensions rather 
than utilizing individual fecal samples to pro-
vide results of more general applicability.

A laboratory rodent diet is different from the 
normal human diet. rumney et al. [69] reported 
that the rate of conversion of potential mutagens 
to direct-acting mutagenic derivatives by intes-
tinal bacteria is dependent on diets, and that the  
results obtained with HFA rats were particu-
larly relevant to humans when the animals 
were fed a human diet. Thus, development of a 
special diet for HFA animals is required in order 
to establish HFA animals as a suitable model for 
studying the human intestinal microbiota.

In spite of the above limitations, studies 
using HFA animals provide much needed infor-
mation of relevance concerning the role of the 
human intestinal microbiota. HFA animals will 
undoubtedly continue to contribute to investiga-
tions concerning the effects of probiotics, prebi-
otics, diet, antibiotics, and drugs on the human 
intestinal microbiota and its relationships with 
the human host.

10. concLUSIonS

HFA animals provide stable models for 
studying the ecosystem and metabolism of the 
human intestinal microbiota in conditions simi-
lar to those found in humans. HFA animals also 
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are a useful substitute for human volunteers. 
HFA animals, however, have some limitations 
as a model. In spite of these limitations, studies 
using HFA animals will provide much needed 
information on the role of human intestinal 
microbiota and the effects of probiotics, prebi-
otics and other dietary components on human 
intestinal microbiota and on human health and 
disease.
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C H A P T E R
1. INtRodUctIoN

Aquaculture was considered as a marginal 
activity until recently, but the situation changed 
at the turn of the century, with the always-
increasing demand for seafood, while fisheries 
captures have stagnated. Besides the interna-
tional and governmental efforts to regulate fish-
eries resources, the share of seafood produced 
by aquaculture will continue to increase ines-
capably [1]. The contribution of fish farming was 
already estimated at 47% of the total amount of 
fish available for human consumption in 2006 [2]. 
This fast increase exerts a striking impact on the 
environment and public health. It implies rearing 
intensification, which may cause fish disease out-
breaks, including bacterial infections. The risk of 
food-borne diseases caused by seafood consump-
tion is concurrently increasing [3, 4], and there is 
a risk of the emergence of new human pathogens. 
For example, freshwater fish have now been 
identified as a source of Laribacter hongkongensis, 
54oods in Promoting Health: Probiotics and Prebiotics 
a bacterium associated with gastroenteritis [5]. 
Fish farming may also pose a risk to the spread 
of antimicrobial resistance [6].

The use of medicines is now strictly regu-
lated for aquaculture practices [7], and there is 
a need for alternative sustainable treatments [8]. 
A variety of such treatments has been proposed, 
although the state of knowledge about micro-
biota in the digestive tract of farmed fish is still 
very limited. The available information is briefly 
reviewed in this chapter. Also presented here 
are the numerous probiotic candidates that have 
been tested empirically in fish, with some insight 
into their modes of action, which are becom-
ing better understood. The emerging prospects 
for prebiotics and other dietary manipulations 
that can regulate gastrointestinal microflora is 
also discussed. Finally, besides these practical 
aspects relevant to public health, a less expected 
benefit from the research on fish microbiota is 
introduced, since fish appeared as an interesting 
model for investigating the basic features of the 
host–microbe interaction.
1 © 2010, Elsevier Inc. All rights reserved.
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2. MIcRobIotA IN the 
dIGestIve tRAct oF  

FARM FIsh

ley et al. [9] distinguished the microbial com-
munities associated with vertebrates from those 
associated with invertebrates, as these were 
considered as being closer to environmental 
samples. In particular, they found similarities 
between the microbial communities living either 
in saline or non-saline habitats, and the commu-
nities associated with the invertebrates that live 
in the same habitat, respectively. This does not 
exclude the fact that some primitive metazoans 
seem able to exert a high selective pressure on 
their associated microbiota [10]. The demarcation 
drawn by ley et al. [9] between vertebrates and 
invertebrates should also be moderated since the 
data concerning fish were based on one previous 
study of the gut microbiota in zebrafish [11].

Fish have particular features, as compared 
with land animals. The aquatic environment 
facilitates microbial influx and renewal. Fish are 
poikilothermic, and seasonal changes have been 
observed in their intestinal microbiota [12]. Their 
immune response is somewhat primitive, with 
limited antibody capability [13]. These character-
istics combine to stress the differences that can be 
expected in the microbial ecology of fish gut, as 
compared with that of higher vertebrates.

A wide diversity of anatomical peculiari-
ties can be observed among the digestive tracts  
of fish, and that reflects the variety of ecolo-
gical niches offered to different microbial com-
munities. some herbivorous species may host 
1011 cfu g1, with high fermentative activity, 
mainly in the posterior intestine [14]. most aquac-
ultured species are carnivores, whose short intes-
tine may be extended with pyloric ceca in variable 
numbers [15]. The intestinal transit time is rela-
tively brief in carnivorous fish reared in cold or 
temperate water (e.g. 12 hours) [16], thus limiting 
the potential for direct contribution of bacteria to 
the host’s digestive activity. However, there are 
e. AnImAl models To
also some herbivorous species that are important 
for aquaculture; like mullets (fitted with a rela-
tively long intestine), and carps (which are devoid 
of stomachs, but whose pharyngeal teeth facilitate 
the digestion of vegetable feeds) [17].

moderate counts of aero-tolerant cultivable 
bacteria are generally retrieved from the intes-
tine of farm fish (104–107 cfu g1) [18]. obligate 
anaerobes seem present at similar levels, but 
they have been seldom studied [19–21]. sakata 
[22] schematized the intestinal microflora as 
dominated by Gram-negative bacteria, with 
Vibrio and Photobacterium as the most ordinary 
genera retrieved in marine fish; Aeromonas, 
Plesiomononas, and Enterobacteriaceae in fresh-
water fish; and Pseudomonas, Clostridium, and 
Bacteroidaceae in both environments. Though 
hindgut microbiota in humans is different [23], 
some similarities appear at the genus level, 
especially among obligate anaerobes such as 
Bacteroides, Clostridium, Fusobacterium [18, 21]. 
Gram-positive bacteria are also present in fish, 
with some genera common to humans and 
fish, for example: Eubacterium [18], Lactobacillus, 
and Streptococcus [24]. Though rarely reported, 
Bifidobacterium is occasionally recovered from 
common carp and shrimp intestines [25, 26]. 
Besides bacteria, yeasts are frequently isolated 
from fish gut, more especially in freshwater [27].

The variability in fish microbiota is not nec-
essarily related to diet or environmental condi-
tions. For example, cod larvae fed mainly on 
natural zooplankton in a flow-through rearing 
unit were sampled individually from day 16 to 
day 23 after hatching [28]. In this experiment, 
the phenotypic profiles of culturable bacteria 
were found to be quite different among the indi-
vidual samples.

In human and land animals, the unique fea-
tures of the bacterial community in each individ-
ual has been well established. Fecal microbiota 
seems to be relatively stable even in weaning 
piglets, from 28 to 49 days of age [29]. no such 
temporal study has been done on fish, but one 
can suppose that the resilience to a hypothetical 
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individual steady state may be compromised by 
the perpetual fluctuations in the aquatic environ-
ment. ringø and Birkbeck referred to savage’s 
list of criteria for testing the autochthony of 
microorganisms found in the gastrointestinal 
tract of fish: ‘Autochthonous (indigenous) micro-
organisms: 1) are found in healthy individuals;  
2) colonize early stages and persist throughout 
life; 3) are found in both free-living and hatchery- 
cultured fish; 4) can grow anaerobically; and  
5) are found associated with the epithelial mucosa 
in the stomach, small intestine or large intestine’ 
[30, 31]. The second criterion—early colonization 
and long-term persistence—is essential to the 
definition, but it is difficult to validate, as well as 
the third one, which would require the compari-
son with wild fish. In practice, these two criteria 
are omitted, and in this acceptance, it is common 
to hear about ‘autochthonous’ gut microbiota in 
fish, though the association to mucosa may be 
temporary.

In view of the quantitative and qualitative 
limitations presented above, the nutritional 
impact of gut microbiota on farm fish cannot yet 
be clearly delineated. Bacteria isolated from fish 
gut produce a variety of digestive enzymes like 
amylase, cellulase, lipase, protease [32], and chi-
tinase [33], but their actual contribution to the 
digestive process remains to be evaluated. The 
digestion of cellulose may be mostly attributable 
to microbes in the intestine of fish, which do not 
seem to produce endogenous cellulase, even if 
the issue is still in discussion [34]. Besides pos-
sibly contributing to digestion, microbiota can 
synthesize de novo some nutrients that are essen-
tial to fish; for example, vitamin B12 [35], amino 
acids [36, 37] (further references in [38]), fatty 
acids, especially eicosapentaenoic acid [39, 40], 
and docosahexaenoic acid [41, 42]. The actual 
transfer of these nutrients from bacteria to the 
host has not been evaluated, but a renewal of 
interest in this field may be called for because of 
the replacement of fishmeal and fish oil by veg-
etable sources in aquafeeds, due to the shortage 
of fisheries resources.
e. AnImAl models To
The importance of microbiota for the devel-
opment of the digestive system was evidenced 
by comparing germ-free and conventionally 
reared zebrafish larvae. Germ-free larvae had 
poorly differentiated intestinal epithelium [43], 
and the up-regulation of some genes indicated 
a compromised ability to use nutrients [11]. The 
reintroduction of microbiota could restore nor-
mal development, and the genes marking nutri-
ent metabolism responded both to ‘conventional’ 
and atypical consortia [44]. Heat-killed microbes 
or bacterial lipopolysaccharides were sufficient 
to stimulate intestinal brush border alkaline 
phosphatase activity, but no other features of gut 
maturation, showing that there are several con-
current pathways [43]. A possible mode of action 
may be initiated by the production of polyamines 
like spermine and spermidine by microbes, as 
suggested with larval european sea bass [45–47].

o’Hara and shanahan spoke of ‘gut flora as a 
forgotten organ’ to emphasize the essential role 
of intestinal microbes in eliciting the mucosal 
immune system [48]. This role was also evi-
denced with germ-free zebrafish larvae [11]. 
some genes used as biomarkers of the innate 
immune response were specifically up-regu-
lated with ‘conventional’ microbiota [44], but 
innate immunity may also be stimulated in fish 
larvae by a variety of purified compounds, for 
instance ‘high-m’ alginate, which is rich in man-
nuronic acid polymer [49]. Adaptive immunity 
in the gut-associated lymphoid tissue is obvi-
ously dependent on bacterial colonization, but 
it appears later than innate immunity, and the 
onset is relatively slow especially in marine fish 
as compared with freshwater species like carp, 
rainbow trout or zebrafish [50–52].

3. PRobIotIcs IN FIsh

In spite of many unanswered questions about 
gut microbiota in fish, the empirical application  
of probiotics to fish has progressed, mainly 
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over the last decade (Figure 32.1). For extended 
information, there are many reviews on the  
subject [53–72].

To the author’s knowledge, the first trial 
explicitly referring to probiotics for fish appeared 
in 1981. This was an internal report, which dealt 
with the limitation of mortality in Japanese eel 
elvers medicated with spores of Bacillus toyoi, a 
bacterium of soil origin, commercialized as a 
probiotic for land animals [73]. A second report 
on the same probiotic used as a growth promoter 
in the yellowtail appeared in 1984 [74]. later, it 
was tested on larval european turbot, via the live 
food organism Brachionus plicatilis [75]. lactic 
acid bacteria used as probiotics for terrestrial ani-
mals were also tested on marine fish larvae [76, 
77]. Antagonisms among fish gut bacteria have  
been known for some time (e.g. ref. [78]), but 
bacteriophages were first proposed to inhibit 
e. AnImAl models To
infection with fish-pathogenic bacteria [79] (fur-
ther references in [8]). Then in the late 1980s, 
the screening of bacteria capable of inhibit-
ing fish viruses appeared [80], though their 
application for biocontrol was not evaluated. 
‘Autochthonous’ bacteria with antagonistic 
behavior to fish pathogens were extensively 
studied in the early 1990s [8, 81]. The coloniza-
tion potential is an important feature for the 
candidate probiotics, and it was examined 
simultaneously [82]. The capacity of some alloch-
thonous microbes to persist long after inoculation 
was thus demonstrated in the intestine of fish. 
For example, a probiotic strain of Vibrio algino-
lyticus obtained from an ecuadorian shrimp sur-
vived at least 21 days in the intestine of Atlantic 
salmon reared in fresh water [83], and the yeast 
Debaryomyces hansenii isolated from rainbow 
trout in fresh water was retrieved in significant 
45
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FIGURe 32.1 A bibliometric view of publications dealing explicitly with probiotics for fish. The numbers of items 
published (left), and their subsequent citations in each year (right), were re-drawn with the kind permission of Thomson 
reuters Web of science® after the following citation report: topics ‘probiotic*’ and ‘fish*’ were crossed on 28 november 2008, 
and the items were further screened to keep only those dealing with finfish, or the live food organisms, rotifers and Artemia. 
The view was obviously not exhaustive, but sufficient to illustrate the trend of fast increase in the recent years.
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numbers in the intestine of turbot 11 days after 
inoculation [84]. The official agreement of micro-
bial preparation as a feed additive may be facili-
tated when the strains are selected among the 
species ‘generally recognized as safe’ in the usA 
[85], or registered in the european list of ‘quali-
fied presumption of safety’ [86]. For example, 
many lactic acid bacteria have been tested in fish 
because of their qualification for human use, like 
Lactobacillus rhamnosus and Bifidobacterium lactis 
[87, 88], or for animal use, like Pediococcus acidi-
lactici and Enterococcus faecium [89, 90].

An original feature of probiotic treatment 
in fish is that the route of administration may 
not be necessarily oral. Bath methods are also 
convenient, because of the intimate contact with 
the aqueous environment. smith and davey 
[91] demonstrated the competitive exclusion of 
Aeromonas salmonicida from asymptomatically  
infected Atlantic salmon, after bathing in 
e. AnImAl models T
Pseudomonas fluorescens suspension, and stress 
induction. It seemed that the inhibition was due 
to the competition for iron, which may take place 
on external surfaces. This extension led several  
authors to consider probiotic microbes that 
enhance the quality of water for fish, mainly by 
decreasing ammonia and nitrite concentrations, 
and thus indirectly improving fish welfare and 
health. The genus Bacillus seemed particularly 
interesting in this regard [92], especially due to 
the possible combination with antagonistic pro-
perties [93]. It may seem rather artificial to amal-
gamate into the same term ‘probiotics,’ microbes 
that can act on microbiota or on the host, either 
directly or indirectly by improving water quality, 
but the main advantage of probiotics over tradi-
tional treatments lies in their potential to inhibit 
the infection by a variety of modes of action, 
which does not leave any chance to the pathogen 
to develop resistance (Figure 32.2).
Fish health

Digestion Immune response

Bioremediation in
recirculated

systems and ponds

‘Topical’ probiotics

Gut microbiota
Surrounding
microbiota

Dietary probiotics

FIGURe 32.2 complex interrelationship between probiotic treatments—either dietary, or ‘topical’ by bath immersion, 
or intended for bioremediation of water quality—and their effects on fish health and microbiota—either gut-associated or 
those surrounding in the culture system. The water environment may thus justify an extended concept of ‘probiotics,’ in 
comparison to that commonly accepted for man and land animals.
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The complex consortia have been proposed as 
providing the widest available range of expected 
effects, like the preparation of live Bacillus sub-
tilis, Lactobacillus acidophilus, Clostridium butyri-
cum, and Saccharomyces cerevisiae, used to act 
on water quality in recirculated systems, while 
simultaneously improving the immune response 
and disease resistance in fish [94, 95]. The mul-
tiplicity of agents makes interpretation difficult, 
and this should require further investigation  
to discriminate the role of each strain, and the 
possible synergies.

stimulation of the immune defenses of the 
host is one of the most promising modes of 
action. After the first evaluation in rainbow 
trout by Irianto and Austin [96], the number 
of relevant studies in this field has rapidly 
increased [97], thus showing the interest of the 
scientific community. most of the effects con-
cerned innate immunity [97], but the synthesis 
of Igm also seemed to be stimulated in the head 
kidney of gilthead seabream fed D. hansenii [98]. 
The viability of the cells was proved essential 
for some instances, in which their effect should 
not be confused with that of classical immuno-
stimulants [96, 99, 100].

4. PRebIotIcs ANd otheR 
dIetARy MANIPUlAtIoNs

The first attempt to use prebiotics in fish 
appeared in 1995 [101], contemporaneously to 
the introduction of the concept by Gibson and 
roberfroid [102]. Although Kihara et al. [103] 
did not refer explicitly to prebiotics, their experi-
ment was matched with the concept. Intestinal 
microbiota from red seabream fermented lac-
tosucrose in vitro, and the introduction of 1%  
dietary lactosucrose increased the thickness of 
the muscular intestinal layer in fish. In spite 
of this early trial, there was some delay before 
further application. A high dose of inulin (15% 
of dry diet) caused abnormal vacuolization 
e. AnImAl models To
in enterocytes, and it damaged microvilli in 
the pyloric ceca and hindgut of Arctic charr 
[103]. microbiota was also affected [104]. some 
hypertrophy of the external muscular layer was 
observed in the intestine of Atlantic salmon 
fed a lower dose of inulin (7.5%), but it did 
not cause damage to the intestinal mucosa, 
while reducing bacterial diversity [105]. Fructo- 
oligosaccharides derived from inulin increased 
the growth rate of weaning european turbot, 
and it affected gut microbiota [106]. There are 
other products called ‘prebiotics’ that have not 
been proved to correspond to the definition of 
Gibson and roberfroid. This was the case with 
a ‘dairy-yeast prebiotic,’ a complex commercial 
mixture called Grobiotic™ [107, 108], until its 
effect on fish microbiota was considered [109]. 
The preparation seemed firstly to stimulate the 
immune system of the host, in the same way as 
mannan oligosaccharides [110, 111]. It would 
be interesting to combine immunomodulation 
with the selective stimulation of health-promot-
ing gut microbes, and there is a need for fur-
ther investigation on such effects of non-starch 
oligosaccharides in fish [112]. starch and non-
starch polysaccharides can stimulate fermen-
tation in nile tilapia and european sea bass, at 
least in vitro [113]. The combination of immu-
nomodulatory and antimicrobial effects can also 
be obtained by using herb medicines, and there 
is growing interest for their application to fish 
[8, 114]. many compounds may provide medici-
nal properties to plant preparations and, among 
those involved in the immune response of fish, 
one can cite as examples polysaccharides from 
Astragalus membranaceus [115], quillaja saponin 
[116], and anthraquinone from rhubarb [117]. 
The stimulation may not be limited to innate 
immunity, since Achyranthes aspera enhanced 
the specific antibody response in the Indian 
carp Catla catla [118]. Besides, the antimicrobial 
effects of herb medicines against fish pathogens 
have been largely studied, with some identifica-
tion of active compounds, like gallic acid [119] 
or gossypol [120]. The main difficulty is to find 
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the right combination of herbs, and the right 
dose to administer, depending on the sensitiv-
ity of each species to compounds that become 
harmful at high concentration.

5. RelevANce oF FIsh  
As Model sPecIes

At the time of writing, zebrafish is the cur-
rent animal model as it is useful to many appli-
cations in embryology, genetics, and human 
pathology [121]. large-scale screening is feasible 
at low experimental costs, and the possibility to 
work in gnotobiotic conditions is particularly 
precious to study intestinal microbiota. on the 
one hand, rawls et al. [11] put forward several 
arguments in favor of this model in their first 
paper on gnotobiotic zebrafish. They revealed a 
number of responses to gut microbiota that were 
similar to those of mammals, and some of them 
were specifically caused by microbes. The trans-
parency of the larvae was another argument, 
since it facilitated the observation of fluorescent 
in situ hybridization and protein expression in 
microbes, and the subsequent physiological 
responses in the digestive tract [43, 122, 123]. on 
the other hand, the model has obvious limita-
tions as regards projection to human situation. In 
zebrafish, there is no acidic environment in the 
stomach, nor are there Paneth cells in the intes-
tine [121], and the reciprocal transplantation of 
gut microbiota from mice and zebrafish lead to 
the conclusion of high specificity in the effects on 
the host’s gene expression [44]. Another major 
difference between mammals and fish is the state 
of development when the digestive tract is colo-
nized. In spite of these discrepancies, the model 
could work in many cases. For example, the 
likely role of polyamine release by Saccharomyces 
boulardii in the stimulating effects on gut matu-
ration in weaning rats [124] was retrieved in sea 
bass larvae fed Debaryomyces hansenii [46].
e. AnImAl models To
6. coNclUsIoN

Though most of these treatments are still 
experimental, fish health management may ben-
efit as well from medical advances in probiotics 
as from traditional herbs and other soft medi-
cines. In return, it now seems possible to obtain 
some basic information about the host–microbe 
interaction by experimenting on fish.

The development of new tools in molecular 
biology, especially the metagenomic approach, 
should help to fill the gap still remaining in  
our knowledge on fish gut microbiota [125].  
The detection of specific bacterial genomic  
dnA does not necessarily mean that the bacte-
rium is active in the gut, and complementary 
dnA may provide further insight into activ-
ity. This is crucial for understanding the modes 
of action of probiotics, about which there are 
some examples of effects that are not always 
conditioned by viability [126, 127]. direct obser-
vations by confocal imaging and electron micro-
scopy are essential to visualize what happens in 
situ [128]. combined with these tools, the regain 
of interest for applying gnobiotic studies to the 
larval stages of farm fish may lead to significant 
advances in understanding the roles of probi-
otics and microbiota in species of interest for 
aquaculture [129].
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C H A P T E R
1. DIEtARy FIbERS

Dietary fibers (DF), as an indigestible por-
tion of plant food, play an important role in 
human nutrition due to their beneficial effects 
on health. They are responsible for fecal bulk-
ing, enhancing gut motility and lowering tran-
sit time. Indigestible in the small intestine, they 
reach the colon where they are metabolized 
by the gut microbiota. Chemically, DF consist 
of non-starch polysaccharides such as cellu-
lose and many other plant components such as 
pectins, dextrins, lignins, -glucans, etc.

Studies using a mixed fiber diet have empha-
sized the strong impact of DF on gut microbiota. 
As an example, a high-fiber diet containing 40% 
soya cake, 20% crude potato starch, 19% wheat 
bran, and 5% each of apple pectin and carob 
gum, given for 4 weeks to rats, led to a daily 
fecal output of anaerobes 71 times higher than a 
fiber free diet. Similarly, daily excretion of total 
fermentation products was 20 times higher, 
with an increase of propionate and butyrate 
proportions [1].

Nevertheless, the specific effect of each type 
of fiber can only be scrutinized using a diet 
55 in Promoting Health: Probiotics and Prebiotics 
with one source of DF. Therefore, diets supple-
mented with barley flour, oatmeal flour, cellu-
lose, coffee fiber or barley -glucans have been 
used to assess their prebiotic effects. It was 
observed that the diet containing barley -glu-
cans of high viscosity produced large changes 
in microbiota profiles relative to the other diets 
in rats. This was mainly due to a specific stimu-
lation of species belonging to the Lactobacillus 
acidophilus group [2]. An increase in Lactobacillus 
populations was also obtained with differ-
ent barley-rich diets [3] which also resulted in 
coliforms and Bacteroides decreases. This was 
accompanied by a greater concentration of total 
short-chain fatty acids (SCFA) in cecal1 contents 
and feces, with higher butyrate and lower pro-
pionate proportions [4]. The same increase in 
butyrate proportion was observed in the cecum 
of rats fed wholewheat flour diets, but propion-
ate proportion was not affected, while acetate 
proportion decreased [5]. Conversely, coffee 
fiber led to an increase in SCFA concentrations 

1The cecum in rats and mice is extremely developed 
and considered as the equivalent of proximal colon in 
humans.
3 © 2010, Elsevier Inc. All rights reserved.
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in the cecum without changes in their propor-
tions [6]. The amounts and proportions of  
secondary bile acids were markedly reduced 
in rats fed barley -glucans diets, probably due  
to lower intestinal pH values, inhibiting the 
bacterial 7-dehydroxylase. Concurrently, the 
microbial conversion of cholesterol to coprosta-
nol was enhanced by the dietary fiber-rich bar-
ley based diets [7]. Similar results were obtained 
with different cereal flour diets that induced 
higher neutral sterol output, and notably that of 
coprostanol [5]. This likely reflects a more active 
metabolism of cholesterol by the microbiota in 
moderately acidic pH conditions.

It has been estimated that apples could pro-
vide 10–30% of the daily intake of fiber. using 
a diet containing 100 g of apple fiber/kg, it has 
been shown that soluble dietary fiber (SDF) 
(mainly pectin) excreted in feces of rats was 
10.9% of the SDF ingested, which suggests a 
low resistance to fermentation of this fraction, 
while only 43% of the ingested insoluble fiber 
was fermented [8]. A pectin containing diet led 
to an increase in the SCFA pool in the cecum 
with a higher acetate molar ratio [6, 9]. An accu-
mulation of galacturonate and succinate [9] and 
an increase in butyrate and isobutyrate concen-
trations [6] were also observed in the cecum. 
This was accompanied by a rise in Bacteroides, 
fusobacteria and enterobacteria in the cecal con-
tents while an increase in Bacteroides, eubacte-
ria, clostridia, lactobacilli, enterobacteria and 
streptococci in the feces of mice was obtained in 
response to pectin supplementation [10].

Pectin also caused an increase in polyamines 
concentrations, especially cadaverine, in the 
cecal contents of rats [11]. most of the DF com-
ponents remain in pomace during the usual juice 
preparation. using fluorescent in situ hybridiza-
tion (FISH), it has been observed that bacteria 
belonging to the Eubacterium rectale cluster and 
that Bacteroides genus were increased in cecal 
contents, whereas only Bacteroides were increased 
in the feces of rats receiving apple pomace 
extraction juices [12]. Cecal concentrations  
e. ANImAl moDelS To
of acetate and propionate were two times higher, 
suggesting a microbial fermentation of pectin 
and arabinogalactan. These results are in accord-
ance with the known capability of the Bacteroides 
species to degrade these polysaccharides [13]. 
A two-step procedure using complex enzyme 
preparations has been proposed to extract juices 
with higher DF contents [14]. more total SCFA 
were measured in the cecal contents of rats fed 
extraction juices from apple, grape and red beet 
pomaces prepared according to this method 
due to an increase in acetate concentration [15]. 
Significantly more lactobacilli and bifidobac-
teria were found in feces of rats of the apple 
group, whereas extraction juice from red beets 
resulted merely in higher counts of lactobacilli. 
An increase in cholesterol metabolites such as 
coprostanol was also observed in feces of rats 
that received extraction juices, whereas the pro-
portion of secondary bile acids was reduced.

Guar gum, also called guaran, is a water-solu-
ble galactomannan frequently used in the food 
industry as an emulsifier or stabilizer. A major 
bifidogenic effect of a guar gum-containing diet 
(100 g/kg) has been observed in the cecum of rats, 
while Bacteroides, fusobacteria and enterobacte-
ria were also increased. Concurrently, this diet 
stimulated the bacterial synthesis of polyamines 
by decarboxylation of the amino acids orni-
thine, arginine and lysine [11]. It was suggested 
that the increase in the Fusobacterium popula-
tion was responsible for the concomitant rise 
in polyamines. Similarly to guar gum, Konjac 
glucomannan, which derives from the tuber of 
Amorphophallus konjac, increased bifidobacteria, 
and was also found to decrease cecal Clostridium 
perfringens in mice [16]. Conversely, a diet contain-
ing gum arabic had no bifidogenic effect [17].

The impact of diets containing 50 g/kg of 
either guar, karaya, tragacanth, gellan, xanthan 
or psyllium on microbiota metabolism has been 
studied in rats. Guar and karaya increased the 
total SCFA concentrations in the cecum while 
xanthan produced the opposite effect. Tragacanth 
and guar significantly reduced, whereas gellan  
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increased, the molar proportion of acetate. 
Psyllium increased the proportion of propionate 
and decreased the proportion of butyrate [18], 
as previously shown for soybean fiber, which 
contains chiefly insoluble hemicelluloses [19]. 
A psyllium diet also dramatically decreased a 
cholesterol-to-coprostanol conversion, whereas 
diets enriched in pectin, alfalfa or mixed fibers 
increased coprostanol percentages in the feces. 
Psyllium and alfalfa diets also altered bacte-
rial production of secondary bile acids, whereas  
pectin and mixed fiber diets did not [20].

The effects of five DF from different sources 
(carrot, wheat bran, cocoa seed, pea hull, and 
oat husks) have been assessed in human micro-
biota-associated (HmA) rats [21]. HmA rats are 
initially germ-free rats colonized after weaning 
with the fecal microbiota of a healthy human 
volunteer. use of this animal model is justified 
by the phylogenetic and metabolic differences 
between rat and human microbiota and the 
knowledge that HmA rodents globally retain 
the characteristics of the human donor micro-
biota [22–24]. All of the diets contained 100 g 
fiber/kg and were given for 8 weeks. both  
carrot and cocoa led to a higher proportion of 
acetate and a lower proportion of propionate in 
the cecum, and to a large production of meth-
ane. The concentration of lactate was signifi-
cantly higher in rats fed on the carrot-fiber diet.

Altogether, these results revealed that dif-
ferent types or sources of DF led to different or 
even opposite effects.

2. RESIStANt StARchES

Starch has been considered mainly as an 
energy and carbon source in the human diet. 
However, it can also have properties similar 
to dietary fiber and exert an important role in 
colonic physiology and functions. Starches are 
polymers of glucose, which are either straight 
chains (amylose) or branched (amylopectin). rS 
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is defined as starch that escapes digestion by 
pancreatic amylases in the small intestine and 
provides a source of fermentable substrate for 
cecal and colonic microbiota, resulting in the 
production of SCFA and gases. rS can be clas-
sified into four different groups: type I, repre-
senting physically inaccessible starch found in 
vegetables or in whole or partly milled grains; 
type II, representing starch with a granular struc-
ture such as raw potato or corn; type III, repre-
senting retrograded starch obtained through 
feed processing; type IV, representing selected 
starches that have been chemically treated (eth-
erization, esterization, cross-bonding). Table 
33.1 outlines a summary of the different types of 
rS, their classification criteria and food sources. 
unlike rS types I and IV, rS types II and III have 
been widely used in animal models to assess 
their effects on gut microbiota composition and 
metabolism.

Potato tubers are rich in starch packed in 
characteristic spherical and semi-spherical 
granules with an amylase:amylopectin ratio of 
approximately 1:3 (rS type II). These granules 
show strong resistance to -amylase in vitro 
which suggests they can enter the colon and 
be used as substrates for fermentation by the 
colonic microbial community. As a consequence, 
stepwise additions of raw potato starch (rPS) at 
the expense of maize starch led to an increased 
ileal output of starch in rats [25]. It was then cal-
culated that 72% of starch from a high rPS diet 
(240 g/kg) escaped small-bowel digestion but 
disappeared within the large bowel. This sug-
gests that the fermentative capacity of the cecum 
is able to cope effectively with rPS over a wide 
range of intakes. This was confirmed by a lin-
ear increase in total SCFA concentration as rPS 
intake increased [25]. Acetate was always the 
major SCFA present and increased linearly with 
rPS intakes. Similar results were obtained by le 
blay et al. [26] who showed that giving a diet 
containing rPS (90 g/kg) for 2 weeks mainly 
resulted in an increase in acetate in the cecum. 
This was also confirmed by Andrieux et al. [27] 
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tAblE 33.1 Classification of types of resistant starch

Resistant 
starch

Description Food sources Resistance  
reduced by

Type I Physically protected. Whole- or partly milled grains and 
seeds, legumes, pasta.

milling, chewing.

Type II ungelatinized resistant granules with  
b-type crystallinity.

raw potatoes, green bananas, some 
legumes, high-amylose starches.

Food processing and 
cooking.

Type III retrograded starch formed during the 
cooling of gelatinized, high-amylose 
starch and consisting of small aggregates 
of hydrogen-bonded amylose.

Cooked and cooled potatoes, peas, 
beans, bread, corn.

Processing conditions.

Type IV Selected chemically modified starches 
owing to cross-bonding with chemical 
reagents, ethers, esters, etc.

This type of modified resistant 
starch is a novel food, not yet 
approved by the eu.

less susceptible to 
digestibility in vitro.

Source: Nugent, A.P. (2005). Health properties of resistant starch. Nutrition Bulletin, 30, 27–54.
who used a diet containing up to 480 g rPS/kg. 
Conversely, berggren et al. [28] observed that the 
relative proportions of SCFA were not changed 
in cecal contents of rats given a diet with 100 g 
rPS/kg over 5 days. The proportion of propion-
ate remained unchanged in all studies. Including 
80 or 90 g rPS/kg in the diet resulted in a nota-
ble increase in the cecal butyrate proportion but 
higher rPS intakes led to lower butyrate pro-
portions. rPS intake also yielded an increase in 
lactate pools in the cecum and to a much greater 
extent in the distal colon [26, 27]. These data sug-
gest that rPS fermentation occurs not only in the 
cecum but is distributed throughout the colon. 
molar proportions of the minor SCFA (isobu-
tyrate, isovalerate and valerate) diminished in 
the cecum with increased rPS intakes [25, 27]. 
This may be due to a reduced amino acid fer-
mentation or utilization of these SCFA for bacte-
rial protein synthesis. All studies also found that 
animals fed with rPS exhibited increased cecal 
weight and decreased pH.

only a few studies have analyzed the micro-
biota changes due to rPS in animal models. 
using denaturing gradient gel electrophoresis 
(DGGe) of PCr amplified bacterial 16S rrNA 
genes, licht et al. [29] observed that a diet  
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containing 150 g rPS/kg affected the profile 
of the gut microbiota. Nevertheless, no differ-
ences were found in counts of cultivable colif-
orms, enterococci, or lactic acid bacteria in fecal 
samples of rats receiving diets with or without 
rPS. le blay et al. [26] also found no change in 
bacterial counts of fecal samples from rats on 
a diet containing 90 g rPS/kg but revealed an 
increase in the numbers of Gram-positive cocci, 
lactic acid bacteria and lactobacilli in the cecum 
and proximal colon. Such changes are in accord-
ance with the known capability of lactobacilli 
and Gram-positive cocci to ferment or grow on 
starch [30, 31]. However, a diet containing 100 g 
rPS/kg induced no change, over a 5-month 
feeding period, in fecal and cecal bacterial 
counts in rats [32] so that the effect of rPS on 
gut microbiota is still inconclusive.

rPS diets have also been shown to modify 
bile acids bacterial metabolism with decreased 
conversions of -muricholic and cholic acids into 
hyodeoxycholic and deoxycholic acids, respec-
tively, and increased ω-muricholic acid formation 
[27]. It was suggested that these effects resulted 
from the decrease in cecal pH. Nevertheless, 
when rPS ingestion was stopped, the cecal pH 
returned to its initial value whereas bile acid 
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conversions remained affected, indicating that 
the bacterial populations responsible for these 
conversions were durably affected.

Amylomaize starch constitutes the other 
main representative of rS type II which has 
been studied in animal models. Andrieux and 
Sacquet [33] have first demonstrated that it is 
not totally digested by germ-free rats, whereas 
it is totally degraded by the conventional rat, 
revealing that at least a part of amylomaize 
starch is fermented by the gut microbiota. The 
impact of amylomaize starch on bacterial metab-
olism has been assessed and indicated, contrary 
to potato starch, an increase in propionate con-
centration in the cecum and to a lesser extent in 
butyrate, whereas the concentration of acetate 
was reduced by one-third [27, 34]. Amylomaize 
starch ingestion also led to an increase in lactate 
concentration in the cecum of rats. Nevertheless, 
these effects may depend on the experimental 
design. Indeed, if total SCFA were also found 
significantly higher in another study involv-
ing rats fed an amylomaize starch diet (640 g/
kg), the percentages of acetate, propionate 
and butyrate were not significantly changed 
compared to control diet [35]. Amylomaize 
starch also led to an increase in Clostridium and 
Propionibacterium fecal populations, whereas 
Bacteroides concentration decreased. Different 
results were obtained in mice showing that add-
ing 300 g or more of amylomaize starch/kg of 
diet results in higher levels of Bifidobacterium 
and coliform population in feces [36].

An amylomaize starch diet was also found to 
reduce bacterial -D-glucuronidase, N-acetyl--
D-glucosaminidase, N-acetyl--D-galactosami-
nidase and -D-galactosidase activities, while 
-D-glucosidase and -l-fucosidase activities 
were not affected [34]. Amylomaize starch also 
caused similar changes of bile acid bacterial 
metabolism as rPS [27].

rS type III is resistant to digestion in the small 
intestine but is fermented by the cecal microbiota 
to a lesser extent than rS type II. Nevertheless, 
it was shown that different types of retrograded 
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starch were able to modify gut microbiota and 
its metabolism in animal models, causing sig-
nificantly enhanced total SCFA levels in cecum 
and colon. This effect appeared to raise a maxi-
mum with retrograded maltodextrins, lead-
ing to an increase in butyrate and a decrease in 
propionate proportions [37]. The same changes 
in SCFA proportions were obtained with a diet 
enriched in freeze-dried, cooked haricot beans 
which starch is mainly retrograded amylose [38], 
whereas higher molar proportions of acetate and 
lower proportions of propionate were observed 
with a diet containing freeze-dried, cooked 
peas [39]. retrograded potato starch ingestion 
also resulted in increased SCFA production 
but without any change in their proportions  
[32, 37]. molar proportions of branched chains 
fatty acids (bCFA) were reduced with all diets 
containing rS type III, suggesting their greater 
utilization for de novo amino acid and, hence, 
bacterial protein synthesis, or reduced amino 
acid fermentations.

The effect of rS type III on microbiota com-
position has been analyzed using classical cul-
ture techniques only. The cecal microbiota of 
rats fed a diet containing retrograded potato 
starch displayed higher numbers of lactobacilli, 
streptococci, Bacteroides and enterobacteria than 
rats fed a control diet or a diet containing rPS, 
indicating that little modification in the chemical 
structure of starch has the potential for chang-
ing the composition of the gut microbiota [32]. 
biochemical identification of species following 
plating revealed that Lactobacillus cellobiosus was 
the main species stimulated by a diet containing 
retrograded potato starch. Different leguminous- 
(pea, chickpea, common bean, lentil) containing 
diets with similar rS type III content decreased 
Enterobacter and Bacteroides populations, while 
lactobacilli and clostridia were not affected. A 
bifidogenic effect was only achieved with pea 
and chickpea-containing diets [40].

The impact of a retrograded amylose starch 
on human gut microbiota has been considered in 
HmA rats, colonized with microbiota from uK 
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or Italian subjects [41]. Consumption of the diet 
increased the numbers of lactobacilli and bifido-
bacteria and decreased enterobacteria in both the 
uK and Italian microbiota. However, Bacteroides 
and streptococci were not altered by the diet 
in Italian microbiota-associated rats, but were 
reduced or enhanced, respectively, in uK micro-
biota-associated rats. moreover, staphylococci 
increased in the uK but decreased in the Italian 
microbiota-associated rats, which indicates that 
different human microbiota may respond in dif-
ferent ways to dietary changes. In spite of this, 
the diet was associated with the same changes in 
the SCFA profiles in both groups, with a marked 
increase in the proportion of butyrate and a 
corresponding decrease in propionate. Cecal 
ammonia concentration was also significantly 
decreased, while -glucosidase activity was 
increased in both groups. This increase could be 
a consequence of the stimulation of bifidobacte-
ria and lactobacilli, which possess high levels of 
-glucosidase activity.

rS type III also lowered the fecal excretion of 
total neutral steroids, especially of coprostanol, 
indicating that bacterial reduction of cholesterol 
was depressed [42]. In addition, the bacterial 
formation of hyodeoxycholic acid was partly 
suppressed by rS type III, while formation of 
v-muricholic and lithocholic acids increased  
[37, 42].

3. INUlIN-tyPE FRUctANS

Inulin-type fructans are storage carbohy-
drates comprising fructose molecules linked 
or not to a terminal sucrose molecule. They are 
particularly abundant in the root of plant spe-
cies from the Asteraceae family such as chicory 
(Cichorium intybus var. sativum) or Jerusalem 
artichoke (Helianthus tuberosus). Inulin (INu) is 
a generic term to cover all 2,1 linear fructans 
and chicory INu, for example, is a complex mix-
ture of linear  fructans with a degree of poly-
merization (DP) ranging from 2 to 60 (average 
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DP: 12). Through partial enzymatic hydrolysis, 
an oligofructose (oF) or fructo-oligosaccharide 
(FoS) fraction may be obtained with a DP of 
2–8 (average DP: 4), whereas specific separation 
technologies yield long-chain INu fractions (DP 
10–60, average DP: 20). Specific products have 
been designed by blending long-chain INu and 
oF fractions [43]. The aim of this reformulation is 
to optimize the rate of fermentation by providing 
oF—readily fermented in the proximal colon—
on the one hand, and long-chain INu—supposed 
to be less rapidly fermented, hence more avail-
able in the distal colon—on the other hand [44].

In the past two decades, several studies have 
been undertaken in laboratory animal mod-
els, with the aim to explore how native INu, 
long-chain or oF fractions, or blends of these 
fractions, modified the intestinal microbiota 
composition and influenced the glycolytic activi-
ties and the fermentation characteristics within 
the large intestine. most investigations used 
conventional rats fed a standard chow or a semi-
purified diet, sometimes formulated to mimic 
Western human type diet characteristics, e.g. 
inclusion of cooked starch and animal fats [45], 
increase of fat content and reduction of calcium 
concentration [46, 47], increase of protein content 
and manipulation of anion and cation propor-
tions to promote latent metabolic acidosis [48].  
Introduction of the inulin-type fructan in the 
diet was generally at the expense of a part of the 
digestive carbohydrate fraction (e.g. glucose, 
sucrose, cereal starch) and/or, sometimes, at the 
expense of the cellulose fraction.

In short-term studies (about 2 weeks long), 
in which diets containing 3–6% of oF, FoS or 
INu were distributed to rats, qPCr analysis 
of feces or cecal contents revealed an increase 
of bifidobacteria populations by about 2 log10 
cfu/g [46, 47, 49]. on the other hand, selective 
cultivation of these bacteria from cecal contents 
indicated no effect of a 6% FoS-containing diet 
given for the same duration [50]. longer con-
sumption, for 4 weeks or 6 months, of lower 
dosages of FoS or INu (1–2% of the diet) led 
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to an increase of bifidobacteria populations by  
1 to 2 log10 cfu/g, as analyzed by selective cul-
tivation [51, 52]. In the 4 week study performed 
in rats, DGGe fingerprinting of the cecal con-
tents using specific primers targeting the genus 
Bifidobacterium showed that these bacteria 
became predominant, confirming the increase 
observed by the culture techniques [51]. In the 
6 month study performed in mice, the increase 
of bifidobacteria counts was quickly reverted, 
within 1 week, by return to a basal diet, sug-
gesting that a continuous FoS- or INu-enriched 
diet must be followed to maintain a bifidogenic 
effect in the gut lumen [52]. Consumption of a 
high-fat diet has been shown to dramatically 
reduce cecal Bifidobacterium counts in mice [53]. 
Interestingly, inclusion of a high level of FoS 
(10%) in such a high-fat diet nullified this del-
eterious effect, restoring Bifidobacterium popu-
lations to the level of chow-fed control mice 
[54]. In all of above studies, alterations of other 
populations were inconsistent, depending obvi-
ously on the experimental design, though no 
correlation can be clearly established between 
the type of effect and experimental design 
parameters such as feeding duration, amount 
of fructan in the diet, animal model species, or 
method of bacterial enumeration (culture vs 
qPCr). Some 2 week long studies in rats and 
the 6 month study in mice indicate an increase 
of fecal or cecal lactobacilli counts [26, 46, 52], 
while other 2 week long studies and the 4 
week study in rats could not detect any change 
in the amount of this population [47, 49–51].  
Similarly, enterobacteria counts were found to 
be either increased [46, 47], decreased [51, 55], 
or unaffected [26, 52]. enterobacteria and lacto-
bacilli are subdominant populations and their 
concentrations in control groups were highly 
variable, from 106 to 109 cfu/g, depending on 
the study. The inconsistent effect of treatments 
with inulin-type fructans on these populations 
may be linked to these variations, suggest-
ing that the effect may depend upon the initial 
level of the population in the animal gut. other  
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bacterial populations, in particular the strictly 
anaerobic groups, which are predominant in the 
gut microbiota, have received comparatively 
less attention. Cultivable Bacteroides counts were 
either unchanged [26, 52] or decreased [51]; as 
for Clostridium counts, the two studies that ana-
lyzed them concluded a decrease of their popu-
lations [51, 52]. licht et al. [29] used an unusual 
high level of FoS or INu, namely 15%, for  
5 weeks in rats. Selective cultivation from feces 
of these animals revealed a greater amount 
of lactic acid bacteria and a lower amount of 
enterobacteria, regardless of the inulin-type 
fructan included in the diet. However, DGGe 
fingerprinting resulted in completely different 
phylogenetic profiles in the animals fed FoS 
versus those fed INu. Furthermore, in INu-fed 
rats, comparison of DNA-based and rNA-based 
DGGe profiles showed that two species within 
the phylum Bacteroidetes, although they were 
not abundant in numbers, were highly metabol-
ically active.

The main gut microbiota metabolic mark-
ers that have been analyzed are: i) glycolytic 
activities, mainly - and -glucosidase, - and 
-galactosidase and -glucuronidase; ii) the 
end-products of carbohydrate fermentation, i.e. 
SCFA; iii) lactate as a typical fermentation prod-
uct of bifidobacteria and lactobacilli; and iv) 
ammonia and bCFA as markers of protein fer-
mentation. In short-term studies (up to 3 weeks)  
in which 4–10% of oF, FoS or native or long-
chain INu were included in the diet of rats, the  
most constant effect was a 1.5- to 6-fold increase 
of the total SCFA cecal pool [26, 50, 56, 57] or 
concentration [56–58]. This dramatic increase 
was also consistently observed in longer term 
studies (up to 27 weeks) using the same amounts  
of inulin-type fructans [48, 58–63], and in those 
using greater levels of inclusion such as 15 or 
20% [29, 56, 64, 65]. Taken together, these find-
ings reflect a quick and substantial increase of 
the microbiota fermentation activity in the cecal 
compartment, regardless of the chain length of 
the inulin-type fructan and of the consumption 
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duration. However, a threshold level of inclu-
sion seems necessary to induce a significant 
increase of the fermentation activity. Indeed, 
in an experiment decreasing the INu concen-
tration from 5 to 1% in 6 weeks, Juskiewicz 
et al. [61] could not obtain an increase of the 
SCFA pool or concentration, contrary to rats 
that were concomitantly fed increasing levels, 
from 1 to 5%, of the same INu. Among SCFA, 
an increase of the butyrate [57–65] and propi-
onate proportions [46, 59–65] was consistently 
observed, at the expense of acetate whose pro-
portion decreased significantly in some studies 
[46, 59–61, 63]. lactate is the main fermentation 
product of bifidobacteria and lactobacilli, which 
are reported to be the main target populations 
of inulin-type fructans. Therefore, and although 
it is an intermediate fermentation metabolite, 
its concentration in the cecum or feces of rats 
consuming inulin-type fructans has been meas-
ured on several occasions. An increase, either 
of the concentration or of the pool, was usually 
observed [26, 46, 48, 56, 58, 64]. This observa-
tion is consistent with the increase of the pop-
ulations of lactic acid bacteria, at least in the 
studies where these populations were analyzed 
concurrently [26, 46]. Protein fermentation 
was also altered, as shown by Van Craeyveld  
et al. [49], who observed a reduction of the cecal 
ammonia concentration in rats consuming FoS 
or long-chain INu (4%, 2 weeks), and a specific 
reduction of the cecal bCFA concentration in 
those consuming FoS. A reduction of ammo-
nia concentration also occurred with long-chain 
INu given at 5% for 4 weeks [59] or native 
INu given at 15% for 3 weeks [65]. When rats 
were offered a lower amount of INu (1% for 6 
weeks), no alteration of the ammonia concentra-
tion was observed [61], suggesting that, likewise 
SCFA, a threshold concentration is required to 
trigger an alteration of this marker. Decreasing 
of cecal ammonia concentration may reflect 
either an increase of ammonia utilization for 
bacterial protein synthesis, allowed by a greater 
level of energy, or an increased absorption  
e. ANImAl moDelS To
of this compound. Indeed, younes et al. [57], 
using FoS at 7.5% for 3 weeks, showed an 
increase of the ammonia flux from the cecal 
lumen to the cecal venous blood, as did levrat 
et al. [65], using native INu at 15% for 3 weeks. 
With regard to glycolytic enzyme activities, all 
results arise from Juskiewicz’s group who stud-
ied the impact of inulin-type fructans in various 
experimental protocols. results varied from no 
alteration following consumption of long-chain 
INu at 1 to 5% for 6 weeks [61] to a selective 
3- to 4-fold increase of -glucosidase following 
consumption of long-chain INu at 5 or 10% for 
4 weeks [63]. However, a non-specific 1- to 4-
fold increase of - and -glucosidase and - and 
-galactosidase occurred in a similar protocol 
using a lower dietary level of long-chain INu, 
namely 4–5% [59, 60].

The globally enhancing effect of inulin-type  
fructans on gut microbiota hydrolytic and fermen-
tation activities systematically resulted in acidifica-
tion of the cecal content [29, 48, 50, 56, 57, 60, 61, 
63–65] or feces [46], ranging from 0.51-to 1.7 
pH unit, a weight increase of the cecal content or 
of the fecal output, ranging from 1.5- to 5-fold, and 
an increase of the cecal wall weight, ranging from 
1.5- to 3-fold [26, 29, 48, 50, 56–65]. latter obser-
vations reflect both a bulking effect and a trophic 
effect of inulin-type fructans on the gut mucosa.

because of their stimulating effect on the 
growth of resident lactic acid bacteria and their 
promotion of butyrate and lactate production, 
inulin-type fructans have been considered as a 
potential primary or adjuvant maintenance ther-
apy for chronic inflammatory bowel diseases or 
colorectal carcinogenesis. In this respect, some 
authors have administered oF, FoS or INu to 
rats developing colitis, either spontaneously 
due to a genetic modification [66] or following 
a chemical treatment with, for example, trini-
trobenzenesulfonic acid [67]. In these models, 
administration of FoS [67] or of a blend of oF 
and long-chain INu [66], starting prior to the 
development of inflammation and continuing 
for several weeks, induced an increase of lactic 
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acid bacteria counts, as determined by selec-
tive cultivation of cecal contents [67], or by 
FISH using specific primers targeting the genera 
Bifidobacterium and Lactobacillus [66]. In addition, 
FISH indicated that the concentration of ente-
rococci and of predominant anaerobic popula-
tions, namely the phylum Bacteroidetes and the 
Clostridium group XIVa, remained unchanged; 
nevertheless, DGGe profiles of inulin-type 
fructan-treated rats differed from those of 
chow-fed counterparts, indicating a rearrange-
ment of the dominant population profile [66]. 
biochemical analyses gave inconsistent results, 
showing no alteration of the cecal SCFA concen-
tration [66] or a specific increase of butyric and 
lactic acids, accompanied by an acidification 
of the cecal content [67]. Taken together, these 
results suggest that increasing lactic acid bacteria  
counts in the gut may indeed be involved in 
the alleviating effect of inulin-type fructans  
on the tone of intestinal inflammation. However,  
the mechanisms supporting the effect of lac-
tic acid bacteria are still unclear. other authors 
have studied the effect of inulin-type fructans 
in rats chemically treated to develop aberrant 
crypt foci, which are used as biomarkers of 
colon carcinogenesis. FoS or INu included in 
the diet at 5 to 15% were given to these animal 
models for 3 to 12 weeks, starting the feeding 
treatment before [6, 68] or after administration 
of the chemical carcinogen [6, 69–71]. Just like 
in healthy rats, FoS induced an increase of cecal 
bifidobacteria counts by about 1 log10 cfu/g, 
as determined by selective cultivation [69, 70]; 
a slight decrease of enterobacteria [69] or ente-
rococci [70] was concurrently observed. Cecal 
biochemistry was also altered. As expected, 
FoS, native INu and long-chain INu feed-
ing increased cecal SCFA concentration [6] or 
pool [70] by 2.5- to 5-fold, butyrate production 
being particularly stimulated. As several studies 
have shown that ammonia is a tumor promoter 
and that colon cancer risk inversely corre-
lates with cecal/fecal -glucuronidase activity 
[72–74], most authors have focused on these 
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metabolic markers. yet, results are inconclu-
sive. Indeed, ammonia concentration remained 
steady upon FoS or long-chain INu feeding 
at 5% for 3 weeks [68], or decreased by about 
30% upon long-chain INu feeding at 5% for  
12 weeks [71]. Similarly, -glucuronidase activ-
ity was unchanged in the former study while it 
decreased by about 40% in the latter. It is notice-
able that native INu given at a higher level, 
10%, for the same 12 week duration did not alter 
cecal -glucuronidase activity [6].

Andrieux and Szylit’s group in the 1990s and 
blaut’s group in the following decade, have 
undertaken a series of investigations using 
HmA rats in order to characterize the effect 
of inulin-type fructans on gut microbiota in 
experimental conditions closer to the human 
situation. using culture techniques, Djouzi  
et al. [75] showed that a 4-week consumption 
of FoS at 4% in the diet increased the fecal bifi-
dobacteria concentration by 2 log10 cfu/g while 
other bacterial groups including Bacteroides, 
Clostridium, enterobacteria and enterococci 
remained steady. Surprisingly, using FISH 
analysis, Kleessen et al. [24] could not show 
a bifidogenic effect of FoS at the same dietary 
level; they even observed a reduction of 1 
log10 cfu/g in the cecal Bifidobacterium popula-
tion when rats were fed on long-chain INu.  
It must be emphasized that their experi-
ment was particularly short, 1 week only. 
Nevertheless, this duration was long enough to 
reduce by 1-log10 cfu/g of the Clostridium his-
tolyticum and Clostridium lituseburense groups 
in the cecum and feces of rats fed on FoS or  
on a blend of FoS and long-chain INu. In 
the latter rats, a 1-log10 cfu/g increase of the  
C. coccoides-E. rectale cluster in the cecum and  
feces also occurred, together with a 1.5-log10  
cfu/g increase of cecal lactobacilli. Concen-
trations of other groups, Bacteroides-Prevotella, 
Enterococcus and Enterobacteriaceae did not 
change. The absence of bifidogenic effect in 
Kleessen et al.’s experiment may be due to 
the initially high level of bifidobacteria in the 
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human fecal inoculum they used (9.0 log10 
cfu/g wet feces). As a matter of fact, in a  
longer study (4 weeks) using the same level of 
FoS and long-chain INu mix, they once again 
did not observe any increase of bifidobacte-
ria in the distal colonic content of HmA rats 
displaying an initial high level of bifidobacte-
ria (9.4 log10 cfu/g wet weight) [76]. However, 
prebiotic feeding significantly increased the 
mucosal bifidobacteria, from 4.0 to 5.4 log10 
cells/mm2 mucosal surface in the colon. Such 
findings support the idea that bacterial popula-
tions that occupy the mucosal niche are distinct 
from those in the lumen and, hence, are likely 
to respond differently to a dietary manipula-
tion. In addition, as a stimulation of mucosal 
bifidobacteria may contribute to stabilize the 
gut mucosal barrier, this result opens new 
perspectives for health benefits conferred by 
inulin-type fructans. As a matter of fact, a chal-
lenge of the above rats with Salmonella enterica 
subsp. enterica serovar Typhimurium reduced 
the number of Salmonella cells present in the 
Peyer’s patches, compared with control coun-
terparts fed on rat chow [77]. With regard to 
metabolic characteristics, observations in HmA 
rats corroborated those of conventional animals. 
Consumption of FoS, native INu, long-chain 
INu, or blends of these products, increased the 
total SCFA cecal concentration [21, 45, 75, 76, 78] 
or pool [78] by about 20 to 100% and doubled 
the relative proportion of butyrate, regardless 
of the dietary level (4 to 12%) and the feed-
ing duration (1 to 8 weeks). Similarly, the cecal 
content was acidified (0.3 to 1.0 pH unit) 
and the cecal content and wall were heavier. 
In addition, Andrieux and Szylit’s group have 
examined the effects of inulin-type fructans on 
the production of fermentation gases, depend-
ing on the phenotype of the human donor. In 
rats colonized with a non-methane producing 
microbiota, native INu at 10% for 3 weeks dra-
matically increased the excretion of dihydrogen, 
from 0.05 to 2.74 ml/24 h/10 g of food intake/
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100 g body wt [45]. In rats colonized with a 
methane-producing microbiota, FoS and INu 
also dramatically increased dihydrogen excre-
tion, by 3- to 25-fold [21, 45, 75], while the effect 
on methane excretion was contrasting, ranging 
from a nearly nullification [21, 45] to a 1.5-fold 
increase [75].

The same group has studied the effects of 
FoS in an animal model simulating necrotiz-
ing enterocolitis (NeC). NeC is one of the most 
common serious gastrointestinal diseases in 
neonatal intensive care units. In healthy full-
term babies fed breast milk, bifidobacteria colo-
nization of the gut appears in the first days of  
life. In contrast, this colonization is often 
delayed in pre-term infants, thus favoring 
high levels of Clostridium sp., e.g. C. butyricum,  
C. perfringens and C. paraputrificum, implicated in 
the etiology of NeC. This has prompted studies 
on how to stimulate bifidobacteria colonization 
in those infants. To study the pathogenesis and 
dietary prevention of NeC, gnotobiotic alacta-
sic animal models, i.e. quails (they naturally do 
not possess intestinal lactase), were designed; 
when fed on a lactose-containing diet and 
associated with bacterial strains isolated from 
patients with NeC, these animals develop cecal 
inflammation whose characteristics are close to 
NeC lesions [79]. Catala et al. [80] have studied  
the impact of FoS feeding (3% for 3 weeks) 
on the gut microbiota balance in quails asso-
ciated with fecal microbiota collected from 
different preterm neonates. In all cases, the 
Bifidobacterium population, analyzed by selec-
tive cultivation, increased by 1 to 2 log10 cfu/g;  
concurrently, E. coli and Clostridium populations, 
including the pathogen C. perfringens, were 
markedly reduced. It is noticeable that no modi-
fication of the SCFA production and, hence, 
no acidification of the cecal content, occurred 
in these experiments. Nevertheless, this work 
showed that FoS can favor gut colonization 
with bifidobacteria, thus contributing to a resist-
ance against NeC-associated pathogens.
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4. GAlActo-olIGoSAcchARIDES

Several edible plants, including grains, cruci-
ferous vegetables and, above all, legumes con-
tain high levels of -galacto-oligosaccharides 
(-GaloS). -GaloS are tri- to pentasaccharides 
with -1,6 linkages, sharing the following struc-
ture: galactose(1,6)n-sucrose, with n  1 being raffi-
nose, n  2 stachyose and n  3 verbascose. Since 
mammals are deficient in the enzyme -galactosi-
dase, -GaloS are not digested in the small intes-
tine and reach the large intestine where they are 
extensively fermented by the resident microbiota. 
other types of indigestible but fermentable galacto-
oligosaccharides have been obtained artificially. 
Thus, transgalactosylated oligosaccharides (ToS) 
are mixtures of -galacto-oligosaccharides syn-
thesized enzymatically from lactose by the action  
of -galactosidase from Aspergillus oryzae and 
Streptococcus thermophilus [81]. Their structural for-
mula is galactose- (galactose)n-glucose (n  1–4)  
and they consist of trisaccharides and branched 
or unbranched chains of tetra-, penta- and hexa-
saccharides with -1,6, -1,4 and -1,3 linkages.

A diet containing 3% raffinose led to an 
increase in total SCFA production without 
changes in SCFA proportions when given to 
rats for 1 week [82], and to a specific increase in 
acetate and lactate concentrations when given 
for 3 weeks [83]. Conversely, a diet containing 
10% raffinose given for 1 week resulted in an 
increase in butyrate proportion in the cecum [4]. 
bacterial counts revealed a stimulation of lacto-
bacilli but decreased numbers of streptococci 
[82], while FISH demonstrated an increase in 
lactobacilli and bifidobacteria and a reduction 
of the Clostridium coccoides group [83]. other 
assays in rats receiving -GaloS-enriched pea 
or lupin extracts at 4–5% for 2 weeks showed 
a modest increase of the total SCFA cecal pool 
(pea extract), a greater cecal ammonia concen-
tration, and a stimulation of - and -galac-
tosidase, -glucosidase and -glucuronidase 
activities (lupin extract) [84]. Finally, a low 
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dosage (1%) of soybean -GaloS given for  
6 months to mice altered the composition of their  
hindgut microbiota, as ascertained by selective 
cultivation. main features were a marked reduc-
tion of sulfite-reducing clostridia and a slight 
increase of bifidobacteria.

modification of the gut microbiota bal-
ance was also recorded following ToS feeding. 
Culture of feces or cecal contents in HmA rats 
indicated a 1- to 2-log10 cfu/g increase of bifido-
bacteria [75, 85], a slight increase of lactobacilli 
[84] and a marked 2-log10 cfu/g reduction of 
enterobacteria [85], while Bacteroides, Clostridium 
and Enterococcus counts remained unchanged 
[75, 85], following a 4 week exposure to a diet 
containing 4–5% ToS. metabolic analysis of the 
microbiota after consumption of ToS generally 
gave results close to those obtained with raffi-
nose or inulin-type fructans. ToS at 4–10% for 
4–7 weeks increased the total SCFA cecal pool 
[62] or concentration [75, 81, 86] in conventional 
and HmA rats, usually with a particularly 
enhancing effect on butyrate, and decreased 
the cecal ammonia concentration [75, 81]. If  
-galactosidase activity was logically consider-
ably stimulated [75, 81, 85], the impact of ToS 
on other glycolytic activities was inconsistent 
[75, 81, 84]. Interestingly, rowland and Tanaka 
[85] also showed that dietary ToS was associ-
ated with decreased conversion, by cecal con-
tents of HmA rats, of the food-borne carcinogen 
2-amino-3-methylimidazo[4,5-f]quinoline (IQ) 
to its mutagenic 7-hydroxy derivative.

5. othER olIGoSAcchARIDES 
AND SUGAR-AlcoholS

5.1. Gluco-oligosaccharides

-Gluco-oligosaccharides (GoS) con-
tain tri- to hexasaccharides with -1,6 link-
ages (glucose(1,6)n-maltose), and tetra- to 
heptasaccharides with -1,2 and -1,6 linkages  
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(glucose(1,2)-glucose(1,6)n-maltose). GoS feed-
ing of HmA rats at 2–4% for 3–4 weeks led to 
contrasting results. Valette et al. [87] found no 
change in the total SCFA cecal concentration 
but the bCFA proportion was reduced, sug-
gesting some decrease of the microbiota prote-
olytic activity. on the other hand, Djouzi et al. 
[75] reported an increase of the total SCFA cecal 
concentration, the proportion of acetate being 
increased at the expense of propionate and 
butyrate. Gas analysis led to similar discrepan-
cies, ranging from a drop in dihydrogen excre-
tion accompanied by an increase of methane 
excretion [75] to an increase of both gases [87]. 
These differences may reflect a specific impact 
of GoS, depending on the phylogenetic and 
metabolic profile of the gut microbiota; indeed, 
as these studies were performed by the same 
group but at a 4-year interval, it is very likely 
that human microbiota used in the two proto-
cols were not the same. Therefore, additional 
studies are mandatory to conclude on the mod-
ulating effects of GoS on gut microbiota.

5.2. Xylo-oligosaccharides

Xylo-oligosaccharides (XoS) consist of -1, 
4-linked xylose units with an average DP of 2-3  
(xylobiose and xylotriose). Fed to mice at 1% 
for 6 months, they caused an increase of cecal 
bifidobacteria and lactobacilli, and a decrease 
of sulfite-reducing clostridia [52]. Cecal bifi-
dobacteria were also consistently increased in 
rats fed 4–6% XoS for 2–5 weeks [49, 50, 69]. 
Chemical modification of the xylo-oligosaccha-
ride backbone, such as mono- or disubstitution 
with arabinose residues giving rise to arabinox-
ylo-oligosaccharides (AXoS) did not alter this 
bifidogenic effect [49]. XoS also increased the 
total SCFA cecal pool by 2- to 4-fold [50, 57, 88]. 
Depending on the study, this increase affected 
all three major SCFA [50] or only acetate [57, 88]. 
As for AXoS, they specifically reduced the bCFA 
concentration. XoS and AXoS reduced the cecal 
ammonia concentration [49, 57]. Furthermore, 
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XoS increased the rate of ammonia absorption 
from cecal lumen to cecal venous blood [57]. As 
with inulin-type fructans, gross consequence 
of these metabolic modifications was a cecal 
acidification (0.3 to 1.0 pH unit) [50, 57, 69]; 
a heavier weight of cecal content and wall was 
also generally reported [50, 57, 69, 88].

5.3. Sugar-alcohols

Sorbitol, a naturally occurring polyol, is 
widely used in the food industry as a sweetener, 
humectant and texturizing agent. In 1986, it was 
shown that sorbitol changed the fecal micro-
biota of rats with a displacement from Gram-
negative to Gram-positive bacteria [89]. In 2007, 
molecular techniques revealed that sorbitol 
exerted a strong influence on gut microbiota 
of rats, and particularly raised the Lactobacillus 
reuteri population. Concurrently, sorbitol led to 
a specific increase in butyrate concentrations in 
colonic and cecal contents of rats [90].

5.4. Unclassified oligosaccharides

Di-D-fructofuranose-1,2:2,3-dianhydride 
(DFA III) is found in chicory tubers and can be 
produced using inulinase II from Arthrobacter 
sp. H65-7. It is a non-digestible oligosaccharide 
being developed as a functional food. When DFA 
III was given to rats, studies using conventional 
culture techniques displayed an increase in the 
lecithinase-negative clostridia in the cecum [91]. 
later, molecular techniques showed that DFA III 
administration stimulates the growth of dominant 
bacteria in the rat intestine such as Bacteroides 
spp. and Ruminococcus productus [92]. A lowering 
of pH and an increase in SCFA, especially acetate, 
were also observed in cecal contents.

The active hexose correlated compound 
(AHCC) is a product prepared from the mycel-
ium of edible basidiomycete fungi that con-
tains -1,4-glucan type of oligosaccharides. 
When administered to rats with induced colitis,  
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AHCC normalized aerobic, clostridial, and lac-
tic acid bacterial counts. In addition, AHCC 
increased the count of bifidobacteria [93].

The effect of two heterogeneous oligosaccha-
rides, which have been developed for dietary 
use, galactosylsucrose and xylosylfructoside, 
has also been assessed in rats. After 1 week of 
administration, galactosylsucrose led to a higher 
lactate concentration in the cecum, whereas xylo-
sylfructoside shifted fermentation end-products 
from SCFA to succinate [94].

6. PhytochEmIcAlS

Phytochemicals are plant-derived chemical  
compounds, some of which have health- 
promoting properties. They are regular con-
stituents of human foods although they are not 
essential nutrients and are not required by the 
human body for sustaining life. After ingestion, 
some of them are poorly absorbed and directly 
reach the colon. Some others are absorbed, con-
jugated in the liver, before a partial re-excretion 
in the bile. The part of these compounds entering  
the colon is then extensively metabolized by the  
gut microbiota, leading to microbial metabo-
lites that may modify their health effects [95]. 
Concurrently, these compounds may modulate 
the composition and activity of the intestinal 
microbiota. As an example, dietary condensed 
tannins (proanthocyanidins) altered fecal bac-
terial populations in the rat [96]. molecular fin-
gerprinting indicated a shift in the microbiota 
profiles towards tannin-resistant Gram-negative  
Enterobacteriaceae and Bacteroides species, while  
the Clostridium leptum group decreased. A meta-
bolic fingerprinting also revealed a change in 
the functional activity of the microbiota while 
tannins were present in the diet [96]. Similarly, 
red wine polyphenols (a mix of anthocyanins, 
flavanols, flavonols, phenolic acids and tannins) 
administered to rats for 16 weeks had a very 
strong effect on the average percentage counts 
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of the main genera of bacteria in the feces, with 
a considerable decrease in Clostridium and a 
significant increase in the Lactobacillus popula-
tions [97]. by contrast, xanthohumol, the main 
flavonoid found in hop and to a smaller extent 
in beer, did not affect the composition of rat 
intestinal microbiota [98] although it is poorly 
absorbed after oral administration.

To assess the impact of apple polyphenols on 
cecal fermentations, a diet containing 0.7 g/kg  
of polyphenols was administered to rats for  
3 weeks. Total SCFA concentration was increased 
in the cecum, mainly due to raised butyrate con-
centration. bile acid and sterol secretions were 
not affected by the polyphenols [9]. Dietary 
grape seed tannins also raised SCFA concentra-
tions in the cecum, with increased acetate and 
decreased propionate proportions. They also 
reduced the activity of bacterial -glucosidase, 
-glucuronidase, mucinase and nitroreductase 
[99] while a 0.3% grapefruit polyphenol diet was 
shown to decrease bacterial -glucosidase, and 
- and -galactosidase activities [63]. Grapefruit 
polyphenols also caused a considerable accu-
mulation of cecal digesta and, therefore, a large 
increase in the SCFA pool, with increased acetate 
and decreased butyrate proportions [63].

effects of either the flavonoid quercetin or its 
glycoside rutin on bacterial xenobiotic metabo-
lizing enzymes have been studied in female 
mice [100]. Quercetin-fed mice exhibited higher 
-glucuronidase levels, whereas these levels 
were reduced in rutin-fed animals. However, 
rutin led to induction of both -glucosidase and 
nitrate reductase activities.

Few studies have concerned the impact of 
phytochemical-containing vegetables on the 
intestinal microbiota. As an example, the effects 
of Brassica vegetables, which are rich in glucosi-
nolates, have been assessed in HmA rats. A diet 
containing 100 g/kg of freeze-dried brussels 
sprouts was therefore administered to the ani-
mals for 4 weeks. The brussels sprouts diet did 
not modify the total concentration of SCFA in the 
cecum but specifically increased the proportion  
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of acetate [101]. moreover, molecular methods 
revealed that the dominant fecal bacterial com-
munity was altered by the diet, displaying an 
extensive reorganization of the Lactobacillus 
population [102].
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C H A P T E R
1. InflAMMAtory ColItIS

The pathogenesis of inflammatory bowel 
disease (IBD) most likely involves interplay 
between genetics, immune responses, and micro-
organisms within the intestinal milieu [1–5]. 
Specifically, in susceptible individuals, inappro-
priate immune responses are believed to be trig-
gered or perpetuated by bacteria (or bacterial 
derived antigens), thus leading to the inflamma-
tory manifestations exhibited in human diseases 
such as ulcerative colitis (UC) and Crohn’s dis-
ease (CD). Animal models of colitis, which mimic 
human colitis conditions to a certain degree, pro-
vide a platform for testing the efficacy of novel 
pharmacological agents.

There is compelling evidence from animal 
models of inflammatory colitis and from clini-
cal observations of UC and CD that bacterial 
factors play a prominent role in IBD pathogen-
esis [6]. Therefore, studies of host–microflora 
interactions and identification of factors that 
ameliorate inflammatory responses invoked by 
gut flora has become a focus for development 
57ioactive Foods in Promoting Health: Probiotics and Prebiotics 
of novel therapeutic modalities aimed at sup-
pressing manifestations of IBD. Appropriately, 
the intent of several therapeutic approaches 
currently under investigation for management 
of IBD involves modification of intestinal flora. 
This may be best accomplished through admin-
istration of probiotics [1–3].

Probiotics are live microorganisms which, 
when ingested, can confer health benefits [7]. 
Typically, probiotics include various strains of 
the Lactobacillus and/or Bifidobacteria species. 
They exist as either single entities or as combi-
nation products (e.g., VSL#3) [1, 2, 7]. Other 
known probiotics include certain non-patho-
genic Escherichia coli (E. coli) strains like Nissle 
1917 and M-17 [8, 9].

Mechanisms explaining the potential role 
of probiotics as anti-colitis therapies have 
been reviewed in detail elsewhere [1, 2, 10]. 
Immunomodulatory actions, such as reduction of 
pro-inflammatory cytokines (e.g., TNF-, IFN-), 
and increased secretion of regulatory cytokines 
(e.g., IL-10), have also been suggested to be oper-
ative [1 , 2, 8, 10].
1 © 2010, Elsevier Inc. All rights reserved.
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2. AnIMAl MoDelS of ColItIS 
AnD IleItIS

Various rodent models of inflammatory coli-
tis have evolved over the past 20 years which 
have provided an opportunity to test new ther-
apeutic agents that may have efficacy in man-
agement of IBD. These models have unique 
characteristics, as well as distinct advantages 
and disadvantages, which have been reviewed 
previously [11–15]. Two common models of 
IBD involve administration of chemical agents 
to rodents. Specifically, dextran sulfate sodium 
(DSS) or trinitrobenzene sulfonic acid (TNBS) is 
often used to induce colitis. Another commonly 
used model relies upon spontaneous colitis that 
develops in mice deficient in the immunoreg-
ulatory cytokine, IL-10 (i.e., IL-10 knockout 
mice). These models of colitis have been used 
extensively for IBD drug testing, including the 
testing of probiotic efficacy.

2.1. Animal Model: DSS-induced Colitis

The pathogenesis of DSS-induced colitis 
involves a defect in epithelial barrier function, 
which is related to direct cytotoxic actions of DSS 
[13, 16]. Changes in epithelial barrier function, 
as measured by loss of the tight junction protein  
ZO-1 and increased permeability to evan’s blue 
dye, can be found early during the time course 
of DSS-induced colitis [17, 18]. This alteration in 
colonic mucosal barrier subsequently leads to 
influx of various inflammatory cells, macrophage 
activation and pro-inflammatory cytokine produc-
tion in a model that is somewhat reminiscent of 
the human condition of UC. The acute version of 
the model is generally thought to be T lymphocyte 
independent, while repeated administration of 
DSS in drinking water leads to chronic colitis that 
involves T cells [13, 14, 16].
e. ANIMAL MODeLS T
Various probiotics have shown evidence 
of efficacy in the acute DSS colitis model. 
examples of published studies are summa-
rized in Table 34.1 [8, 19, 20]. Mechanistically, 
investigations from our laboratory have  
demonstrated that administration of E. coli 
strain M-17 (Probactrix®) reduces inflamma-
tion in part through interference with nuclear 
translocation of the p65 subunit of nuclear fac-
tor-kappa B (NFκB), as well as via decreased 
production of associated cytokines (IL-12, IL-6, 
and IL-1) [8]. Based on these in vitro and in vivo 
data with E. coli M-17, we propose the following 
putative mechanism of action for attenuating 
inflammation (Figure 34.1). As shown in this fig-
ure, in the presence of live (but not heat-killed) 
E. coli strain M-17, there was a direct interac-
tion of the probiotic bacteria with macrophages 
(step 1). Our current theory is that live E. coli  
M-17 secrete an immunomodulin into the macro-
phage (step 2). This process results in inhibition 
of the LPS-induced activation of the NFκB sig-
nal-transduction system (step 3). Subsequently, 
inhibition of NFκB results in attenuation of 
pro-inflammatory cytokine (IL-1, TNF-, IL-6) 
secretion (step 4) [8]. The putative immunomod-
ulin responsible for the anti-inflammatory 
effects of E. coli strain M-17 remains to be deter-
mined (step 2). Similar anti-inflammatory effects 
were found for this probiotic in a murine model 
of DSS-induced colitis [8].

It should be noted that most of the studies 
listed in Table 34.1 utilized the acute DSS coli-
tis paradigm. Moreover, most used probiotics as 
agents of prophylaxis. It is of interest, however, 
to also consider potential effects of probiotics in 
the chronic form of DSS-induced colitis where 
intestinal inflammation has already been estab-
lished. To this regard, preliminary results from 
our laboratory found E. coli M-17 had therapeu-
tic benefits in the chronic murine DSS colitis 
model as well [21].
O STUDy PrOBIOTICS
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tABle 34.1 Effects of probiotics on DSS-induced colitis in rodents

Probiotic Summary Investigator (Reference)

Bifidobacterium infantis Improved DAI in rats [82]

Lactobacillus brevis efficacy for acute murine colitis [83]

Lactobacillus casei (Shirota) efficacy for chronic murine colitis [32]

Lactobacillus crispatus efficacy for acute murine colitis [84]

Lactobacillus fermentum efficacy for acute murine colitis
Improved acute colitis in rats
Improved DAI in rats

[84]
[82]
[85]

Lactobacillus plantarum Improved acute colitis in rats
efficacy for acute murine colitis

[82, 86]
[83]

Lactobacillus reuteri efficacy for acute murine colitis [87]

Lactobacillus rhamnosus GG efficacy for chronic murine colitis [88]

VSL#3 efficacy for acute murine colitis
Improved colitis in weanling rats

[19]
[20]

E. coli M-17 efficacy for acute murine colitis [8]

E. coli Nissle 1917 efficacy for acute murine colitis
efficacy for acute murine colitis
efficacy for acute murine colitis

[89]
[90]
[91]

Eubacterium limosum efficacy for acute murine colitis [92]
2.2. Animal Model: tnBS-induced 
Colitis and related Chemical Models

Another animal model of colonic inflam-
mation relies upon TNBS and closely mim-
ics human CD [11–13]. This hapten-dependent 
model of IBD is T lymphocyte dependent and 
involves activation of both Th1 and Th17 CD4 
T cells [22]. As with the DSS colitis model, both 
acute and chronic forms of the model exist, 
which were succinctly summarized in a recent 
review paper [23]. Probiotics have demonstrated 
efficacy in TNBS-induced colitis in rodents and 
many relevant studies are summarized in Table 
34.2 [19]. As in the related DSS colitis studies, the 
results in Table 34.2 primarily reflect work with 
an acute TNBS colitis paradigm. Most of these 
studies also utilized pre-treatment, prophylactic, 
regimens. Additional study of probiotic effects 
e. ANIMAL MODeLS TO
in chronic forms of this hapten-induced colitis 
model, once the colitis has been firmly estab-
lished, is warranted [23].

Probiotic efficacy has been explored in two 
other chemical models of IBD that utilize iodoa-
cetamide or dinitrobenzene sulfonic acid (DNBS). 
Specifically, Shibolet and colleagues studied 
the effects of VSL#3 and Lactobacillus strain GG 
[24]. These probiotics were effective against 
iodoacetamide-induced colitis, but not in DNBS-
induced colitis. The differential probiotic effects 
are likely explained by differences in underlying 
pathologies manifested by these colitis models. 
Iodoacetamide-induced colitis involves deple-
tion of protective mucosal sulfhydryl groups 
and associated injury occurs through production 
of reactive oxygen species [25]. In contrast, the 
DNBS colitis model is mechanistically similar to 
the aforementioned TNBS model of colitis and 
 STUDy PrOBIOTICS
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E. coli M-17 (live bacteria)

Putative
immunomodulin

Activated macrophage

Step 3

Step 2

Activation

Naïve macrophages

Bacterial
lipopolysaccharide (LPS)

Step 1

Direct interaction with
macrophage

Step 4

Via
  NFκB

IL-1β IL-6

Pro-inflammatory
cytokine secretion

TNF-α

Inhibition

fIgUre 34.1 Attenuation of inflammation by E. coli strain M-17. This probiotic E. coli strain inhibits the production  
of LPS-stimulated pro-inflammatory cytokines by a four-step mechanism: 1) a direct interaction of live E. coli M-17 with 
macrophages; 2) release of an unidentified immunomodulin into the macrophage; 3) inhibition of nuclear factor-kappa B 
(NFκB) inside the host cell; and 4) attenuation of IL-1, TNF- and IL-6 secretion.
produces a transmural immunological-based 
injury to the colon [25]. It has been suggested 
that in the DNBS colitis model, VSL#3 could 
not prevent the more severe transmural injury. 
However, these results seem to contrast those 
of rachmilewitz et al., who found that VSL#3 
derived DNA could nearly completely limit the 
induction of TNBS-induced colitis in mice [19]. 
The reasons for the seemingly discrepant results 
are presently unclear.

2.3. Animal Model: Il-10 deficiency

Several studies have tested probiotics in IL-
10 deficient mice. These animals develop a Th1 
e. ANIMAL MODeLS T
mediated chronic colitis if kept in conventional 
housing conditions [12–14]. This IBD model 
offers a unique opportunity to treat mice with 
probiotics over a prolonged period of time, rela-
tive to more acute chemical models of colitis 
[26]. Some published results from this sponta-
neous, non-chemical model of IBD are shown in 
Table 34.3 [26, 27].

In addition to the studies highlighted by 
Table 34.3, etling and colleagues demonstrated 
that probiotic efficacy in mice may be age-
dependent and may change across the lifespan 
[28]. Administration of the multi-strain probiotic 
VSL#3 to pre-treat IL-10 deficient young mice 
(10 to 12 weeks of age) prior to transfer into  
O STUDy PrOBIOTICS
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conventional housing, provided protection from 
the rapid onset of colitis usually experienced by 
IL-10 mice [28]. In contrast, VSL#3 pre-treatment 
of older mice (postnatal age of 28 to 30 weeks) 
was ineffective in preventing the transient coli-
tis symptoms that occur in these aged animals. 
Investigators suggested that because the char-
acter and kinetics of intestinal inflammation can 
vary with age, loss of probiotic efficacy in older 
mice was not entirely unexpected [28]. These 
results may have relevance in clinical situations. 
In this regard, applied research that establishes 
the ideal niche for probiotics in pediatric, adult, 
and aging populations of patients with IBD 
across the lifespan warrants further investiga-
tion. To this end, see the pediatric colitis section 
in this chapter, for a review of two studies that 
utilized VSL#3 in pre-adult animal and human 
populations.

tABle 34.2 Effects of probiotics on TNBS-induced 
colitis in rodents

Probiotic Summary Investigator 
(Reference)

Bifidobacterium 
lactis

Improved acute colitis 
in rats

[93]

Lactobacillus 
farciminis

efficacy for acute colitis 
in rats

[94]

Lactobacillus 
fermentum

efficacy for acute colitis 
in rats
efficacy for acute 
murine colitis

[95]

[96]

Lactobacillus 
reuteri

efficacy for acute colitis 
in rats

[95]

Lactobacillus 
GG

efficacy for acute colitis 
in rats

[97]

Lactobacillus 
salivarius

efficacy for acute 
murine colitis
efficacy for acute 
murine colitis
efficacy for acute colitis 
in rats

[98]

[99]

[100]

VSL#3 Probiotic DNA 
improved colitis

[19]
e. ANIMAL MODeLS T
Lactobacillus plantarum 299v has also been 
investigated for efficacy in IL-10 deficient mice 
with established colitis [27]. Using a 4-week treat-
ment paradigm, probiotic treated mice showed 
significant reductions in colonic and cecal histol-
ogy scores, as well as IL-12 and IFN- produc-
tion. These results are particularly significant, 
because therapeutic efficacy of the investiga-
tional probiotic agent was clearly demonstrated 
in a situation where inflammation was already 
established.

2.4. Animal Models: other

Other rodent models of IBD also exist. 
Dieleman et al. found that the probiotic Lacto
bacillus rhamnosus GG prevented the recurrence 
of colitis in HLA-B27 transgenic rats that had 
been previously treated with antibiotics [29]. 
However, transient treatment with either anti-
biotics (impinem/neomycin) or Lactobacillus 
rhamnosus GG alone did not prevent the occur-
rence of colitis. In addition, using a CD4 T cell 

tABle 34.3 Effects of probiotics on colitis in IL-10 
knockout mice

Probiotic Summary Investigator 
(Reference)

Bifidobacterium 
infantis

efficacy for many 
parameters of colitis

[101]

Lactobacillus 
plantarum

Improvement of colitis [27]

Lactobacillus 
salivarius

S.C. injections improved 
colitis
efficacy for many 
parameters of colitis

[102]

[101]

E. coli  
Nissle 1917

efficacy for many 
parameters of colitis

[91]

VSL#3 Probiotic DNA 
improved colitis
efficacy for many 
parameters of colitis

[103]

[26]
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transfer model of colitis, Schultz and co-workers  
found that the non-pathogenic E. coli strain 
Nissle 1917 attenuated histological evidence of 
intestinal inflammation and also reduced levels 
of pro-inflammatory cytokines (IFN- and IL-6) 
[30]. Various Lactobacillus species have, likewise, 
demonstrated efficacy in the T cell transfer 
model of colitis [25].

Finally, SAMP1/yit mice develop a spontane-
ous ileitis with many features similar to human 
Crohn’s disease. This mouse line was gener-
ated by brother-sister mating (20 generations) 
of the original senescence-accelerated mouse 
(SAM) line. This colitis model has the advan-
tage of developing spontaneously without gene 
targeting or immunological manipulations [31]. 
In these mice, administration of Lactobacillus 
casei strain Shirota has been shown to improve 
altered ileal histopathology [32]. On the basis of 
benefits observed with probiotic bacterial spe-
cies in many animal models of intestinal inflam-
mation, probiotic bacteria have been studied 
clinically for their effects in CD and UC.

3. ClInICAl USeS of  
ProBIotICS In IBD

3.1. Crohn’s Disease

Over a decade ago, the use of E. coli (strain 
Nissle 1917) was first tested for ability to main-
tain remission in patients with colonic CD 
[33]. Patients with active disease were first 
treated with prednisolone to induce remission. 
Subsequently, those in whom remission was 
attained were then supplied with either E. coli or 
placebo for a period of 1 year. All patients receiv-
ing the supplement were entirely able to discon-
tinue the steroid within 6 months, which was 
not the case with those randomized to placebo. 
In addition, those supplemented with the bio-
therapy were less likely to relapse compared to 
those assigned placebo (33 vs 64%). Nonetheless, 
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outcomes for this study were not statistically 
significant due to the small number of patients 
that completed the trial (n  23) (Table 34.4). It 
was also suggested that since E. coli is a colonic 
inhabitant and rarely found in upper parts of 
the gastrointestinal tract, perhaps this particular 
probiotic bacterium might only be beneficial in 
those whose disease is limited to the colon [33]. 
Therefore, other probiotic-containing regimens 
containing species expected to influence small 
bowel disease have also been investigated in 
patients with CD.

One such regimen involves use of lactoba-
cilli, but use of this genus alone has led to dis-
appointing clinical results. Despite preliminary 
data from an open label study in which three of 
four children with mild-to-moderately active CD 
were able to decrease steroid dosages by 50% 
when Lactobacillus rhamnosus GG was added to 
their treatment regimens [34, 35], double blind 
placebo-controlled trials using this probiotic 

tABle 34.4 Clinical trials using probiotics to maintain 
remission in patients with Crohn’s disease

Probiotic Number that 
completed 
study

Duration 
of study

Investigator 
(Reference)

E. coli  
Nissle 1917

23 1 year [33]

Lactobacillus 
rhamnosus GG

4 6 months [34, 35]

Lactobacillus 
rhamnosus GG

75 2 years 
or until 
relapse

[36]

Lactobacillus 
rhamnosus GG

11 6 months [37]

Bifidobacterium 
breve
Lactobacillus 
casei
Bifidobacterium 
longum
and 3.3 grams 
psyllium

10 13  4.5 
months

[38]
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3. CLINICAL USES Of PROBIOTICS IN IBD
have not found benefits in maintaining remis-
sion among individuals with CD [36, 37].

On the other hand, use of combinations of
lactobacilli and bifidobacteria which simultane-
ously colonize both the small intestine and large
intestine might provide some benefits in alle-
viating Crohn’s disease symptoms. However,
based upon currently-available data, it is impos-
sible to be certain. Although Fujimori et al. [38]
concluded that a combination of high dose pro-
biotics containing three different lactobacilli
and bifidobacteria strains effectively induced
remission in patients with active CD, there was
no placebo group with which to compare these
effects. In addition, enrolled patients were simul-
taneously receiving other medications including
corticosteroids and/or aminosalicylates and dos-
ages of these medications fluctuated throughout
the study. Furthermore, the dosage of probiotic
used by patients was inconsistent during the
trial. Thus, at the time of writing, limitations to
study design make it impossible to draw firm
conclusions about potential benefits from lacto-
bacilli and bifidobacteria in human CD.

3.2. Ulcerative Colitis: Maintaining 
remission

Similar to CD, the earliest investigations into
use of probiotics for management of UC relied
upon E. coli Nissle 1917 as a therapeutic agent.
The bacteriotherapy was found to be at least
as efficacious as mesalamine for maintaining
remission (Table 34.5) [33, 39]. However, the
significance of that finding has been questioned
because the efficacy of mesalamine itself has
been called under scrutiny [41].

Lactic acid-producing bacteria have also been
studied for efficacy in maintaining remission
among patients with ulcerative colitis. Studies
have included both single species lactobacilli
products as well as combinations of Lactobacillus
and Bifidobacterium. Among patients in remis-
sion, Lactobacillus rhamnosus GG significantly
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prolonged the relapse-free period compared 
to mesalamine alone [42]. An open label study 
using a high-dose probiotic cocktail containing 
8 different bacterial species (L. casei, L. plantarum, 
L. acidophilus, L. delbrueckii, B. longum, B. breve,  
B. infantis, S. thermophilus) demonstrated that 
among patients who could not tolerate mesala-
mine derivatives, 15 of 20 individuals remained in 

tABle 34.5 Clinical trials using probiotics to maintain 
remission in patients with ulcerative colitis

Probiotic Number 
that 
completed 
study

Duration 
of study

Investigator 
(Reference)

E. coli  
Nissle 1917

103 3 months [39]

E. coli  
Nissle 1917

222 12 
months

[40]

E. coli  
Nissle 1917

21 12 
months

[41]

Lactobacillus 
rhamnosus GG

187 12 
months

[42]

Lactobacillus 
casei

19 12 
months

[43]

Lactobacillus 
plantarum
Lactobacillus 
acidophilus
Lactobacillus 
delbrueckii
Bifidobacterium 
longum
Bifidobacterium 
breve
Bifidobacterium 
infantis
Streptococcus 
thermophilus

Bifidobacterium 
breve
Bifidobacterium 
bifidum
Lactobacillus 
acidophilus
yIT 0168

21 12 
months

[44]
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remission after 1 year of treatment [43]. Similarly, 
another small year-long study using a mixture of 
lactobacilli and bifidobacteria administered via a 
yogurt beverage described fewer relapses among 
those drinking the supplement (3 of 11 versus 9 
of 10; p  0.018). However, even at baseline, those 
assigned to the control group appeared to have 
more severe disease [44], which, along with the 
small number of patients enrolled, calls the valid-
ity of these results into question until they can be 
duplicated in larger trials.

3.3. Ulcerative Colitis: treatment  
of Active Disease

A variety of probiotic therapies have been  
used in an attempt to induce remission in  
patients experiencing active ulcerative coli-
tis flares. However, these studies are difficult 
to interpret as patients were usually permitted 
to continue other medications (i.e. antibiotics, 
mesalamine derivatives, corticosteroids) simul-
taneously with bacteriotherapies. In addition, 
several studies were conducted in an open label 
fashion which introduces the possibility of bias. 
Some studies lacked a placebo group, and oth-
ers were unable to demonstrate statistically 
significant clinical benefits despite reductions 
in mucosal inflammatory markers (Table 34.6) 
[45–49]. Furthermore, it is impossible to directly 
compare the different probiotic regimens stud-
ied, as trials enrolled patients with differing dis-
ease severity and relied upon disparate outcome 
measures.

Overall, clinical use of probiotics in manage-
ment of CD or UC has recently received a ‘C’ 
recommendation. This rating acknowledges that 
although the possibility exists that E. coli, lacto-
bacilli, and/or bifidobacteria may have some 
benefits in certain patients with these inflamma-
tory conditions, the efficacy results from trials 
have been variable, studies have enrolled only 
small numbers of patients, and/or studies were 
conducted in an open label fashion or possessed 
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other serious methodological design flaws.  
At the time of writing, despite positive benefits 
observed with probiotics in most animal mod-
els of IBD, the scarcity of strong clinical data 
precludes a stronger recommendation for use of 
probiotics in humans with CD or UC [50].

tABle 34.6 Clinical trials using probiotics to induce 
remission from ulcerative colitis exacerbations

Probiotic Number  
that 
completed 
study

Duration 
of study

Investigator 
(Reference)

Lactobacillus casei
Lactobacillus 
plantarum
Lactobacillus 
acidophilus
Lactobacillus 
delbrueckii
Bifidobacterium 
longum
Bifidobacterium 
breve
Bifidobacterium 
infantis
Streptococcus 
thermophilus

32 6 weeks [45]

Bifidobacterium 
longum
6 g fructo-
oligosaccharide
inulin

13 4 weeks [46]

Bifidobacterium 
breve strain Yakult
Bifidobacterium 
bifidum strain 
Yakult
Lactobacillus 
acidophilus

19 12 weeks [47]

E. coli Nissle 1917 24 4 weeks [48]

Streptococcus 
faecalis T-110
Clostridium 
butyricum TO-A
Bacillus 
mesentericus TO-A

20 4 weeks [49]
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3.4. Pouchitis

Pouchitis is a complication that arises in many 
IBD patients who undergo surgical resection for 
their inflamed bowel. Specifically, pouchitis is 
characterized by inflammation of the ileal pouch 
that is surgically created as a reservoir for stool.  
A surgical model of pouchitis has been estab-
lished in rats [51, 52]. This model seems to have 
certain characteristics that make it relevant to 
human pouchitis [51, 52], including responsive-
ness to metronidazole treatment [51]. However, 
recently DSS administration has been employed 
in conjunction with ileal pouch formation in order 
to increase inflammation in the pouch, as well as 
create intestinal symptoms such as diarrhea and 
rectal bleeding that are characteristic of clini-
cal pouchitis in humans [52, 53]. Moreover, this 
model involves an increased ratio of anaerobic 
to aerobic bacteria in the ileal pouch, which is 
suggestive of bacterial dysbiosis [53]. Atila and 
colleagues demonstrated that administration of 
partially hydrolyzed guar gum improved various 
parameters of experimental pouchitis in rats [53]. 
Specifically, guar gum administration improved 
weight loss, diarrhea and rectal bleeding in rats 
with pouchitis. Moreover, colonic MPO (myelo-
peroxidase) activity and intestinal histology was 
significantly improved in animals receiving the 
partially hydrolyzed guar gum. Interestingly 
this dietary fiber/prebiotic therapeutic approach 
also significantly altered bacterial populations 
in the ileal pouch [53]. Indirectly, these results 
imply that a probiotic could also show utility in 
this model. However, at the time of writing this  
in vivo model has not been utilized to investi-
gate the efficacy of probiotic agents. Clearly, 
this should be a goal of future probiotic-related 
research.

Nonetheless, probiotics are already being 
used clinically to treat pouchitis, with some suc-
cess. Clinically, pouchitis has been classified into  
three distinct categories based upon patient 
response to antibiotics: a) antibiotic-responsive; 
b) antibiotic-dependent; or c) antibiotic-refractory  
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[54]. While antibiotic responsiveness may 
influence response to probiotic therapies, 
few studies using the bacteriotherapies have 
attempted to differentiate patients into these 
sub-classifications.

In clinical studies, a mixture of 600 billion 
probiotic organisms (L. casei, L. plantarum, L. aci
dophilus, L. delbrueckii, B. longum, B. breve, B infan
tis, S. thermophilus) demonstrated efficacy for 
maintaining remission from pouchitis for up to 1 
year (Table 34.7) [55, 56]. Furthermore, this same 
probiotic prevented development of acute pou-
chitis during the first year after creation of the 
surgical pouch in 18 of 20 (90%) patients versus 
12 of 20 (60%) patients receiving placebo [57].  
Similarly, Kaplan-Meier analysis demonstrated 
that Lactobacillus rhamnosus GG also may delay 
the time to first onset of pouchitis by more than 
3 years when a daily dose of the probiotic is 
ingested (7 vs 29%; p  0.011) [58]. However, 
benefits may be limited to a subset of patients 
that are not affected by antibiotic-dependent pou-
chitis. When individuals with antibiotic-depend
ent pouchitis were specifically recruited for  
study, even the high-cell count VLS#3 probiotic 
cocktail was not effective for maintaining remis-
sion [54].

In terms of inducing remission from active 
pouchitis, use of probiotics has met with dis-
crepant results, which might be explained partly 
by the differences in probiotic strains, doses 
and/or dissimilarities in the underlying disease 
processes [59–63].

Presently, probiotic therapies have been given 
an ‘A’ recommendation for use in preventing  
initial episodes of pouchitis when used imme-
diately after pouch surgery and for maintaining 
remission after antibiotic induction [50]. However, 
the bacteriotherapy approach may not be effec-
tive in those whose condition is dependent upon 
antibiotics. Furthermore, there is currently insuf-
ficient evidence to establish a higher rating than 
a ‘C’ level of recommendation for use of bacte-
riotherapies to induce remission in patients with 
active pouchitis [50].
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tABle 34.7 Clinical trials using probiotics to maintain remission or prevent initial episodes of pouchitis

Probiotic Number that 
completed study

Duration of  
study

Treatment 
paradigm

Investigator 
(Reference)

Lactobacillus casei
Lactobacillus plantarum
Lactobacillus acidophilus
Lactobacillus delbrueckii
Bifidobacterium longum
Bifidobacterium breve
Bifidobacterium infantis
Streptococcus thermophilus

40 9 months Maintain
remission

[55]

Lactobacillus casei
Lactobacillus plantarum
Lactobacillus acidophilus
Lactobacillus delbrueckii
Bifidobacterium longum
Bifidobacterium breve
Bifidobacterium infantis
Streptococcus thermophilus

35 12 months Maintain
remission

[56]

Lactobacillus casei
Lactobacillus plantarum
Lactobacillus acidophilus
Lactobacillus delbrueckii
Bifidobacterium longum
Bifidobacterium breve
Bifidobacterium infantis
Streptococcus thermophilus

40 12 months Prevention [57]

Lactobacillus rhamnosus GG
Lactobacillus casei
Lactobacillus plantarum
Lactobacillus acidophilus
Lactobacillus delbrueckii
Bifidobacterium longum
Bifidobacterium breve
Bifidobacterium infantis
Streptococcus thermophilus

117
6

3 years
8 months

Prevention
Maintain
remission

[58]
[54]
4. CoMBInAtIon tHerAPIeS for 
tHe treAtMent of ColItIS

4.1. Animal Models

In clinical management of colitis, it is not 
uncommon for pharmacologic agents to be 
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used in various combinations. Unfortunately, 
relatively few animal models of colitis have 
investigated combination therapies that include 
probiotics. Our laboratory tested the efficacy 
of the probiotic E. coli strain M-17 in combina-
tion with metronidazole (which does not kill 
this bacterial strain at relevant concentrations) 
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in the DSS model of colitis [8]. The combination  
of eC-M17 plus metronidazole reduced pro-
inflammatory cytokine production more than 
either treatment alone. Specifically, the com-
bination therapy significantly reduced IL-1 
compared with eC-M17 alone. Additionally, the 
combined treatment regimen improved colonic 
histology scores compared with metronidazole 
alone [8].

Schultz et al. tested the efficacy of a prebiotic/
probiotic formulation consisting of Lactobacillus 
acidophilus, Bifidobacterium lactis Bb12, and inulin in 
combination with metronidazole using the HLA-
B27 transgenic rat model of spontaneous colitis 
[64]. Interestingly, the prebiotic/probiotic formu-
lation effectively attenuated colonic inflamma-
tion, while combination with metronidazole did 
not provide any added benefit compared to treat-
ment with the antibiotic or prebiotic/probiotic  
formulation alone. Of note, the authors spec-
ulated that the prebiotic component likely 
accounted for the anti-colitis effect, since the 
probiotic bacteria could not be detected in  
the rat cecum [64]. Other investigators found 
that administration of a prebiotic formulation 
(oligofructose and inulin) plus a Bifidobacterium 
infantis probiotic strain attenuated DSS-induced 
colitis in rats [65]. However, the efficacy profile 
of the combined prebiotic and probiotic therapy 
was similar to that observed with either treat-
ment alone. Using a T cell transfer model of 
colitis, Møller et al. found that the ingestion of 
two Lactobacillus strains (reuteri and rhamnosus) 
plus antibiotics improved histopathology com-
pared to control groups of mice receiving either 
no treatment or receiving only antibiotics [66]. 
Finally, Souza and colleagues tested the efficacy 
of combined local treatment with a corticoster-
oid (budesonide) and a probiotic formulation 
(Lactobacillus acidophilus and Bifidobacterium lac
tis formulation) on acetic acid induced colitis in 
rats [67]. The combination treatment regimen 
did not significantly improve macroscopic and 
microscopic injury in rats. However, there was 
enhanced DNA content in the colon of animals 
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with the combination therapy, suggesting a pos-
sible accelerated repair of colonic injury with 
the combined topical steroid and probiotic 
treatment [67].

Clearly, studies looking at the combination of 
probiotics and traditional anti-colitis drugs (sul-
fasalazine, 5-aminosalicylates, corticosteroids) as 
well as combinations of probiotics and prebiot-
ics are lacking. Such studies represent a fertile 
area of research with potential clinical ramifica-
tions and should be the focus of future studies 
in rodent colitis models.

4.2. Human Studies

Clinically, combination therapeutic approa-
ches incorporating probiotics have begun to be 
investigated in patients with ulcerative colitis 
and diverticular inflammation. Bifidobacterium 
longum in combination with the prebiotics 
fructo-oligosaccharide and inulin improved 
inflammatory markers of mucosal inflamma-
tion (i.e. TNF-, IL-1), without demonstrating 
any improvement on clinical outcomes [46].  
In the future, similar studies should enroll 
larger numbers of patients and treat for a longer 
duration time to truly ascertain whether synbi-
otic approaches may be beneficial.

Treatment of active intestinal inflamma-
tion often necessitates the use of steroids to  
suppress symptoms. Corticosteroids in conjunc-
tion with multistrain probiotics for managing 
diverticular colitis was explored in 2005 [68]. 
Similarly, use of the aminosalicylate derivative 
balsalazide along with a probiotic cocktail was 
also explored in patients with ulcerative coli-
tis and diverticulitis [69]. On the basis of these 
preliminary results, a probiotic/aminosalicylate 
combination may help patients achieve remis-
sion from mild-to-moderate ulcerative colitis 
faster than aminosalicylates alone. Additional 
studies will be needed to truly delineate the 
role of probiotics when used adjunctively with  
conventional therapies.
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5. ProBIotICS In PeDIAtrIC 
PoPUlAtIonS of ColItIS

5.1. Animal Study

Our laboratory examined the efficacy of 
VSL#3 in weanling rats during the early post-
natal period (day 14 to day 28). Pre-treatment 
of these animals with this probiotic agent for 1 
week before the induction of colitis at the time 
of weaning (day 21) and concomitant initiation 
of 2% DSS administration, resulted in signifi-
cant reductions in colitis [20]. Specifically, VSL#3 
administration improved symptoms of colitis 
(diarrhea, rectal bleeding), as well as colonic his-
tology, MPO activity, and the colonic IL-1 con-
tent. Administration of this probiotic agent also 
partially normalized the altered signaling of the 
NFκB signaling pathway in these animals, by 
limiting colonic IκB- degradation [20]. We sug-
gested that our study might provide the impe-
tus for the more frequent use of probiotics in the 
treatment of pediatric IBD. Indeed, at the time 
of writing, a clinical report of this kind had just 
been published [70].

5.2. Human Study

In a pilot study, the clinical efficacy associated 
with adding VSL#3 to standard treatment regi-
mens (i.e. corticosteroids, mesalamine) of patients 
with mild to moderate acute ulcerative colitis 
was evaluated in a pediatric population [70]. 
eighteen patients between the ages of 3 and 17 
years had either VSL#3 or placebo added to their 
existing therapeutic regimen for 8 weeks. Clinical 
and laboratory markers of ulcerative colitis 
were monitored to determine efficacy. Thirteen 
patients completed the study. Clinical remis-
sion was achieved in 10 of these patients, while 
two other patients showed evidence of clinical 
improvement [70]. Various laboratory param-
eters were improved in patients receiving the 
probiotic treatment. Interestingly, in responding  
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patients, there was evidence of change in bacte-
rial taxonomy. Based on these positive results, 
follow-up studies with probiotics in pediatric 
patients with IBD are warranted. The pre-clinical  
and clinical studies cited herein demonstrate 
ways in which animal studies and human trials 
of probiotic agents may synergize in ways that 
may ultimately lead to improved clinical man-
agement of intestinal inflammation [20, 70].

6. ProBIotICS AS DrUg 
DelIvery AgentS for 
exPerIMentAl ColItIS

A potentially exciting niche for probiotics may 
be as drug delivery agents for novel therapeutic  
agents. This therapeutic approach has been 
examined in several rodent colitis studies. One 
novel pharmacological approach used geneti-
cally modified bacteria to deliver a regulatory 
cytokine to the colon. Specifically, investigators 
utilized a Lactococcus lactis secreting IL-10 strain 
to successfully treat chronic DSS-induced coli-
tis in mice, as well as to prevent colitis in IL-10 
deficient mice [71]. This specific approach is cur-
rently being utilized in an ongoing clinical trial 
for CD [72]. Moreover, the same investigators 
utilized a related approach to deliver cytopro-
tective and mucosa repair-promoting peptides 
(trefoil factors) to the murine colon. This local-
ized peptide delivery resulted in prevention and 
healing of DSS-induced colitis [72]. Furthermore, 
this novel pharmacological approach also was 
successful in improving established chronic coli-
tis in IL-10–/– mice [72].

In addition, Carroll and colleagues tested the 
efficacy of Lactobacillus gasseri expressing man-
ganese superoxide for improving colitis in IL-10 
deficient mice. This innovative colonic delivery 
of an antioxidant reduced the severity of murine 
colitis [73]. It is apparent from these studies that 
novel drug delivery approaches may find a niche 
for the treatment of intestinal inflammation in 
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humans. relevant probiotic carrier organisms 
may include the aforementioned Lactobacillus 
strains, as well as E. coli Nissle 1917 [74].

7. AntIBIotIC-relAteD  
ColItIS: saccharomyces 

boulardii In AnIMAl MoDelS 
AnD HUMAnS

Treatment with antibiotics often causes 
diarrhea. During severe instances of antibiotic-
associated diarrhea, the toxin-producing bac-
terium Clostridium difficile is often identified as 
the underlying cause. relevant studies examin-
ing probiotics in animal models of Clostridium 
difficile colitis are generally sparse. Most of 
these studies have involved administration of 
the yeast probiotic agent, Saccharomyces boular
dii. Some of these studies were conducted over 
20 years ago. Toothaker and elmer showed 
that oral administration of the yeast before 
clindamycin exposure significantly decreased 
mortality rates in hamsters [75]. Similar results 
were also reported by other investigators [76]. 
Martins et al. found that another yeast strain 
(Saccharomyces cerevisiae 905) effectively colo-
nized the distal murine gastrointestinal tract 
and improved cecal and colonic inflammation 
following an oral Clostridium difficile challenge 
in mice [77].

In clinical practice, Saccharomyces boular
dii may have a unique place in therapy. When 
used as an adjunct to antibiotics, particularly 
in patients that have experienced recurrent epi-
sodes of C. difficile-associated diarrhea (CDAD), 
this strain decreases the likelihood of recurrent 
diarrhea [78–81]. Mechanistically, Saccharomyces 
boulardii produces a protease that appears to 
inactivate C. difficile toxin receptors. It is con-
ceivable that once the toxin receptors have been 
acted upon by the protease, even re-growth of 
the C. difficile bacterium is incapable of pro-
ducing disease because bacterial toxins cannot 
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attach to inactivated receptor sites. evidence for 
Saccharomyces boulardii as a means of preventing 
C. difficile recurrences appears to be strongest 
when the yeast probiotic is used in conjunc-
tion with high-dose vancomycin therapy. These 
positive clinical results demonstrate the value 
of simultaneous use of conventional and alter-
native medicinal approaches (integrative medi-
cine) in health and wellness.

8. leSSonS leArneD AnD 
fUtUre DIreCtIonS

Based upon our current understanding of 
probiotic efficacy for treatment of intestinal coli-
tis conditions, it should not be assumed that all 
microorganisms marketed as ‘probiotics’ are 
equally efficacious. In addition, the heterogeneity 
of the various IBD clinical disorders suggests that 
strain-specific properties may be required for dif-
ferent patient categories. The optimal probiotic 
composition, dose, and length of treatment in 
disparate IBD conditions need to be determined 
by large, well-designed, prospective trials.

It is likely that the discrepant results observed 
in clinical studies conducted thus far can be 
explained by: different bacterial species, dispa-
rate doses, small numbers of patients, probiotics 
used to maintain remission versus treatment of 
active disease, or different disease manifesta-
tions among enrolled patients (e.g. inflammatory 
versus stricturing Crohn’s disease; antibiotic-
responsive, -resistant, or -refractory pouchitis). 
In the future, clinical studies should strive to 
enroll sufficient numbers of patients such that 
significant differences of clinical relevance are 
capable of being identified—if differences truly 
exist—among homogenous patient populations. 
rationally-selected dosages and probiotic regi-
mens should be utilized. Some experts believe 
that a single strain of probiotic is unlikely to 
elicit important modifications in the gastroin-
testinal microecology [55]; and, thus, multistrain 
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probiotics, using strains with synergistic activi-
ties, may offer the best chance for efficacy, as 
bacterial re-population may be necessary in both 
the small bowel and the colon.

9. ConClUSIon

At the present time, despite positive data from 
rodent colitis models, adequate evidence for use 
of probiotics in IBD exists only for preventing 
pouchitis and maintaining remission from pouchi-
tis exacerbations. Nonetheless, continued devel-
opment and study of probiotics in rodent models 
and humans appears rational given the role that 
bacteria seem to play in the underlying etiology 
of inflammatory bowel diseases. The possibility 
of using probiotic bacteria as a drug delivery tool 
has only begun to be explored. Additional pre-
clinical and clinical studies will likely shed more 
light on this intriguing treatment option.
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C H A P T E R
1. InTRoDUCTIon

The term inflammatory bowel disease (IBD) 
usually refers to two closely related intestinal 
conditions, namely ulcerative colitis (UC) and 
Crohn’s disease (CD), characterized by chronic 
and spontaneously relapsing inflammation of the 
gut. UC affects only the large bowel, whereas CD 
may affect any part of the gastrointestinal tract, 
from the mouth to the anorectum, but the most 
frequent location is within the ileocecal region 
[1]. In UC, the inflammatory process is confined 
to the mucosa, as opposed to CD, in which the 
inflammation affects the entire bowel wall, even 
leading to the formation of abscesses and fistulas 
(abnormal connections between the lumen of the 
bowel and other organs of the surface of the skin); 
it may also present with bowel obstruction [2].
58Bioactive Foods in Promoting Health: Probiotics and Prebiotics 
Although the etiology of IBD is not com-
pletely known, the most accepted hypothesis 
states that an abnormal exacerbated immune 
response to otherwise innocuous stimuli occurs, 
and this is not properly counteracted by the 
feedback system [3]. It has been reported that 
mucosal injury in IBD may be a consequence of 
an immunoinflammatory response generated by 
persistent and inappropriate mucosal T cell acti-
vation, which results in early histological and 
functional changes as well as late permanent tis-
sue destruction [4, 5]. Inflammation is amplified 
and propagated as a result of the recruitment 
of different cell types of the immune system [3] 
and by an up-regulation of the synthesis and 
release of a variety of pro-inflammatory media-
tors [6]. Moreover, most of these mediators can 
induce the biosynthesis and release of some 
others, generating a ‘vicious cycle’ that may 
9 © 2010, Elsevier Inc. All rights reserved.
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result in the propagation and perpetuation of 
the inflammatory response.

But, what is the initial stimulus that triggers 
the inflammatory status in the gut? There is 
increasing experimental and clinical evidence 
to support a role for luminal microorganisms in 
the initiation and progression of these intestinal 
conditions. Although different specific microor-
ganisms, including Mycobacterium paratuberculo-
sis, Listeria monocytogenes, Chlamydia pneumoniae, 
Escherichia coli, and cytomegalovirus [7–10], have 
been proposed to act as implicating factors in the 
etiopathogenesis of IBD, at the time of writing, 
it has been not possible to establish a definitive 
causative effect with any of them. Most prob-
ably, the development of intestinal lesions and/
or the impaired resolution of the lesions leading 
to chronic intestinal disease may occur in geneti-
cally susceptible individuals after the hyper-
responsiveness to the commensal intestinal 
microflora rather than to single bacteria [5]. For 
this reason, it has been suggested that the local 
tolerance mechanisms towards the autologous 
microflora are abrogated in IBD.

It is well known that different cells located in 
the intestinal mucosa, including epithelial and 
dendritic cells, continuously monitor the gut flora 
and, in normal conditions, recognize potential 
pathogens, and differentiate from those commen-
sal, transferring signals to other immune cells 
that trigger inflammation or help to avoid inad-
equate stimulation [5]. Two major host pattern 
recognition receptor systems are involved in this 
function: the Toll-like receptors (Tlrs) and the 
nucleotide oligomerization domain (noD), which 
are able to interact with different bacterial prod-
ucts, including lypopolysaccharide (lPs), pepti-
doglycan (PGn), flagellin, etc. Different studies 
have revealed that a different expression pattern 
of Tlrs on intestinal epithelial cells occurs in 
IBD patients in comparison with healthy controls 
[11]. similarly, several groups have proposed that 
three variants of the noD2/CArD15 gene are  
strongly linked with CD [12, 13], whereas there is 
poor linkage to UC [14].
e. AnIMAl MoDels T
The hypothesis that suggests a role for the 
intestinal microflora in the pathogenesis of IBD is 
further supported by several observations: most 
inflammation occurs in areas with the highest den-
sity of intestinal bacteria; broad spectrum antibiot-
ics improve chronic intestinal inflammation; there 
is an increased mucosal secretion of IgG antibod-
ies against commensal bacteria in patients with 
IBD; and surgical diversion of the fecal stream 
can prevent recurrence of CD [15]. Moreover, the 
participation of enteric microflora antigens in the 
development of the intestinal damage have also 
been confirmed in many experimental models of 
IBD in laboratory animal, since colitis does not 
appear in germ-free bred Il-10 gene-deficient 
mice or HlA-B27 transgenic rats, or this is clearly 
attenuated in chemically-induced models, like  
those using trinitrobenzene sulfonic acid or dex-
tran sulfate sodium in rodents, when these ani-
mals are raised in sterile conditions [16, 17].

Furthermore, the existence of differences 
in the fecal and mucosal microbiota between 
healthy subjects and IBD patients has been 
reported [18]. Most of the studies have revealed 
the higher biodiversity of species in healthy 
subjects [19], and dominant species, with a rel-
evant role for Firmicutes, comprising about 
90% of the total bacterial population; whereas 
in IBD patients biodiversity is lower and there 
is a high percentage (almost 30%) of ‘unusual’  
species [20, 21]. Tamboli et al. [22] introduced 
the term dysbiosis to suggest that the equilib-
rium between protective and harmful bacteria in 
healthy people is broken in IBD, thus resulting in 
chronic intestinal inflammation [22]. Moreover, 
in patients suffering from IBD, modifications 
not only in the diversity of bacteria but also in 
their intestinal distribution and adhesion to the 
mucosal surface have also been described [23].

In consequence, and considering all the 
above, a possible therapeutic approach in IBD 
therapy is the restoration of the altered intes-
tinal microflora balance towards a more bene-
ficial bacterial population, thus reducing or 
preventing intestinal inflammation. This can be 
o sTUDy ProBIoTICs
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achieved through administration of probiotic 
microorganisms, or prebiotics or the combina-
tion of both, i.e. synbiotics, to these patients. 
However, there are many different probiotics 
and prebiotics where it is difficult to directly 
predict its efficacy in IBD patients without the 
development of corresponding preclinical stud-
ies, which initially implies the use of experi-
mental models in laboratory animals.

2. ExPERIMEnTal MoDElS of 
RoDEnT ColITIS

The development of experimental models 
of IBD in rodents has certainly contributed to 
the understanding of the mechanisms that par-
ticipate in the pathogenesis of human IBD, and 
they have been considered as important tools 
in the discovery of new potential targets and 
strategies to obtain more efficient and safer 
treatments, including probiotics and prebiotics. 
However, it is important to consider that there 
is no ideal animal model for the study of human 
IBD since they cannot show a complete etiologic 
and pathologic coincidence with human IBD. 
For this reason, and in order to obtain an accu-
rate profile in the intestinal anti-inflammatory 
effects of a given probiotic and/or prebiotic, it is 
interesting to establish the major characteristics 
of the different experimental models. With this 
aim, in this section we have summarized the 
colitis experimental models and collected them 
into two main categories: chemically-inducible 
and spontaneous colitis.

2.1. Chemically-inducible Colitis Models

Initially introduced in the 1980s, different 
inductor substances have been used, including 
chemical agents (sulfate polysaccharides or bac-
terial immunocomplexes), to initiate an intesti-
nal inflammation in susceptible animal species 
e. AnIMAl MoDels T
(see Table 35.1). one of the first offending agents 
used to induce colonic inflammation was acetic 
acid, as originally described by Macpherson and 
Pfeiffer [24]. The colitis is induced by intrarectal 
instillation to rodents of diluted acetic acid in 
water (4–50%), which induces an acute inflam-
mation accompanied by necrosis of colonic seg-
ment [25]. However, the chemically-induced 
IBD models most currently used are those based 
on trinitrobenzene sulfonic acid (TnBs) and 
dextran sulfate sodium (Dss).

The TnBs-induced colitis was initially 
described in 1989 by Morris et al. in rats [26], 
although its use has also been extended to 
mice. Basically, it consists of the application of 
an enema of TnBs dissolved in a solution of 
ethanol/water, at different doses depending on 
the laboratory animal used: 10 to 30 mg in rats 
or 0.5 to 4 mg in mice. The role of ethanol is to 
promote the destruction of the intestinal barrier, 
thus allowing the access of TnBs to the intes-
tinal lamina propria, which exhibits a direct 
toxic effect and acts as a hapten which acti-
vates the host immune response of the intestine 
to colonic autologous or microbiota proteins. 
The inflammatory process induced has many 
of the characteristics of human CD, including 
severe transmural inflammation associated with 
diarrhea, rectal prolapse, anorexia, and weight 
loss. Moreover, it has been proposed to display 
a Th1 mediated response, since it has been asso-
ciated with elevated pro-inflammatory cytokine 
production (TnF, Il-12 and IFn), similar 
to that reported to occur in human CD [27]. 
Although there are differences between human 
IBD and TnBs colitis in rodents, its simplic-
ity and reproducibility clearly contribute to its 
extensive use in the evaluation of novel strate-
gies in human IBD.

The Dss model of colitis was originally 
described by okayasu et al. in 1990 [28]. It con-
sists of the administration of Dss polymers 
dissolved in drinking water, at different concen-
trations (1–5%), to mice, rats, hamsters or guinea 
pigs. Although the exact mechanisms involved 
o sTUDy ProBIoTICs
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Resemblance Reference

UC [15]

CD [31]

CD [26]

UC [28]

UC [34]

UC [32]

CD [33]

 sulfate sodium; UC, ulcerative 
TaBlE 35.1 Chemically-inducible colitis models

Experimental 
model

Laboratory 
animal

Involved 
area

Inflammation Type of response Type of 
damage

Bacteri
influen

Acetic acid rat, mouse, 
rabbit, guinea 
pig

Distal colon 
and rectum

Acute Production of pro-
inflammatory mediators, 
histamine and PAF.

Transmural no

Ps-PG rat Proximal 
colon and 
cecum

Acute Macrophage and T cell 
activation. Production 
of pro-inflammatory 
mediators.

Transmural yes

TnBs rat, mouse, 
rabbit

Colon Acute/
Chronic

Macrophage and T cell 
activation. Th1 cytokines 
production.

Transmural yes

Dss rat, mouse, 
hamster, 
guinea pig

Colon Acute/
Chronic

epithelial erosion with 
macrophage activation. 
Th1/Th2 cytokines 
production.

Mucosa and 
submucosa

yes

oxazolone rat, mouse Distal colon Acute/
Chronic

Contact hypersensitivity 
reaction. Th2 cytokines 
production.

Mucosa   
submucosa

?

Iodacetamide rat Colon Acute/
Chronic

reduction of antioxidant 
defences. Th1 cytokines 
production.

Mucosa and 
submucosa

?

Indometacin rat, mouse, 
dog

small bowel 
and colon

Chronic Inhibition of PGe2 and PGI2 
production.

Transmural yes

PAF, platelet activating factor; Ps-PG, peptidoglycan-polysaccharide; TnBs, trinitrobenzene sulfonic acid; Dss, dextran
colitis; CD, Crohn’s disease; PG, prostaglandin.
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have not been completely elucidated, it is 
believed that Dss exerts a direct toxic effect to 
gut epithelial cells affecting the integrity of the 
mucosal barrier, thus allowing luminal bacterial 
translocation and the subsequent infiltration of 
granulocytes and mononuclear immune cells. 
The main manifestations of the colonic insult 
are animal bodyweight loss, diarrhea and rectal 
bleeding. similarly to that described above with 
the TnBs model of colitis, the lesions observed 
during this phase have been associated with 
increased production of macrophage-derived 
pro-inflammatory cytokines, including Il-1, 
Il-6 and TnF. A critical role has been attrib-
uted to luminal bacteria in the pathogenesis of 
Dss, since the treatment with clinically effec-
tive antibiotics in human IBD, like metronidazol 
or ciprofloxacin, results in amelioration in the 
intestinal inflammatory process induced by this 
polymer [29], and this supports the importance 
of commensal bacteria in the development of 
colitis in this experimental model [30].

other experimental models of chemically-
induced colitis are those performed after 
the administration of the polysaccharide- 
peptidoglycan (Ps-PG) [31], the sulfhydryl 
blocker iodoacetamide [32], indometacin [33] 
or even oxazolone [34] (Table 35.1). In these 
models, the colitic status is also character-
ized by diarrhea and inhibition of weight gain, 
associated with colonic dilation, adhesion and 
mucosal damage of different intensity depend-
ing on the compound and dose used. some of 
these models are also valuable to elucidate the 
contribution of the antioxidant defenses in 
this pathology [32] or the involvement of the 
immune Th2 compartment [34].

2.2. Spontaneous Colitis Models

The experimental models of spontaneous coli-
tis represent a good approximation for studying 
the different factors involved in human IBD, as 
well as the impact of a given therapeutic strategy. 
e. AnIMAl MoDels T
In these models, mutations of several genes that 
have been mainly implicated in the regulation 
of the immune system led to intestinal inflam-
matory status resembling human IBD (see Table 
35.2). In this sense, sundberg et al. reported that 
the C3H/HeJBir mice, a sub-strain of C3H/
HeJ mice, under certain housing conditions, 
can spontaneously develop right-sided colitis 
[35], which peaks at 3–6 weeks and resolves by  
3 months of age. It has been shown that these 
mice develop B cell and Th1 cell responses to 
antigens of the commensal bacteria, and it is 
associated with increased production of pro-
inflammatory cytokines including Il-2 and IFn. 
This model has been particularly useful in sup-
porting the role of an abnormal immune reactiv-
ity to enteric bacterial flora in the pathogenesis 
of IBD [36]. However, although the list of poten-
tial antigens is numerous, only a small, highly 
selected number of enteric bacterial antigens (e.g. 
bacterial flagellins), are responsible for the devel-
opment of colitis in this model [37].

similarly, the sAMP1/yit mice and the 
sAMP1/yitFc sub-strain comprise models of 
spontaneous intestinal inflammation quite simi-
lar to CD, since inflammation is primarily local-
ized in the terminal ileum, the primary location 
of CD lesions [38]. These mice displayed estab-
lished ileitis at 10 weeks of age, and the intes-
tinal lesions were characterized by transmural 
involvement, with prominent muscular hyper-
trophy, granulomas, and alterations in epithelial 
morphology [39].

on the other hand, the transgenic and knock-
out (Ko) methodologies have also been used to 
develop several genetically engineered models, 
which have clearly contributed to the under-
standing of the role of key immune-related 
molecules in the pathogenesis of chronic intes-
tinal inflammation (see Table 35.2). This is the 
case of transgenic rats for human HlA-B27 and  
2-microglobulin, which develop a spontaneous 
intestinal inflammation that affects all of the 
segments of the gastrointestinal tract [40]. The 
different assays performed in this model have 
o sTUDy ProBIoTICs
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H CD [40]

Il UC [43]

T UC [45]

Il UC [46]

C --- [35]

T

C CD [44, 47]

s CD [38, 48]

s CD [49]

T CD [50]

Ko th factor.
TaBlE 35.2 Animal models of spontaneous colitis

xperimental 
odel

Laboratory 
animal

Involved area Inflammation Type of response Bacter
influe

lA-B27 Tg rat small bowel 
and colon

Acute/Chronic Activation of Th1 T cells. yes

-10 Ko Mouse small bowel 
and colon

Chronic Macrophage and Th1 T cell 
activation. High production of 
pro-inflammatory mediators.

yes

Cr Tg Mouse Colon Chronic Increased numbers of Th2 T cells. 
Production of Il-4.

yes

-2 Ko Mouse Colon Acute/Chronic High infiltration of T and B 
cells. elevated immunoglobulin 
secretion.

?

3H/HeJBir Mouse Cecum/Colon Acute/Chronic B and Th1 cell responses to 
antigens of the commensal 
bacteria.

yes

 CD4 cells

D45rB/sCID Mouse ColonIleum Chronic/Acute High Th1 cytokines production. 
Involvement of Il-10 and TGF.

yes

AMP1/yit Mouse Terminal 
ileum/Cecum

Acute/Chronic Mixed inflammatory cell 
infiltrate. Th1/Th2 cytokines 
production.

yes

TAT4 Tg Mouse Terminal ileum 
and colon

Chronic High production of Th1 
cyokines. low levels of Th2 
cytokines.

yes

nFAre Mouse IleumColon Chronic High production of Th1 
cytokines. Activation of CD8 
T cells

?

, knock-out; Tg, transgenic; UC, ulcerative colitis; CD, Crohn’s disease; Il, interleukin; TGF, transforming grow
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supported the important role attributed to com-
mensal intestinal bacteria in the pathogenesis of 
the acute and chronic stages of gastrointestinal 
inflammation. In fact, when HlA-B27 trans-
genic rats are raised in a germ-free environment, 
they also fail to develop intestinal inflamma-
tion, whereas colitis develops within 1 month  
after they have been transferred to a non-sterile  
environment [41]. In addition, the treatment 
of these rats with broad-spectrum antibiotics 
is effective in preventing and/or ameliorating  
disease [29, 42].

Moreover, several experimental models 
in mice with mutations in genes coding for 
cytokines have also been developed (resumed 
in Table 35.2), which have clearly contributed 
further knowledge on the implications of the 
altered immune response in IBD. one of the 
most used models is the Il-10 Ko mice, in 
which animals spontaneously developed inflam-
mation in the whole intestine, mainly in the 
duodenum, proximal jejunum and ascending 
colon with massive infiltration of lymphocytes, 
activated macrophages and neutrophils [43].

Finally, a ‘non-classical’ spontaneous colitis 
model is that developed in mice with severe 
combined immunodeficiency (sCID) mice, 
characterized by a spontaneous mutation that 
results in a deficiency of both B and T cells 
(Table 35.2). These mice have an intact innate 
immune system and they survive under spe-
cific pathogen-free conditions. The immune 
system of these mice can be completely recon-
stituted by adoptive transfer of B cells and 
T cells. Adoptive transfer of CD4CD45rBhi 
into sCID mice results in colonic transmural 
inflammation, which does not appear following 
CD4CD45rBlo transfer to these mice, prima-
rily in the proximal colon 5–10 after cell trans-
fer [44]. In consequence, this model provides 
two important clues in the pathogenesis of IBD. 
First, normal T cells contain pathogenic cells 
that can originate intestinal inflammation, and 
second, this inflammation is prevented in nor-
mal subjects by the effects of regulatory T cells.
e. AnIMAl MoDels T
nowadays it is accepted that studies with 
experimental models of rodent colitis have 
allowed a better understanding of the patho-
physiological mechanisms involved in human 
IBD, and they are currently considered as valua-
ble tools in the development of new therapeutic  
strategies in the treatment of these intestinal 
conditions. However, it is evident that no sin-
gle animal experimental model of colitis com-
prises all the pathogenic and clinical features of 
human IBD and, for this reason, new potential 
therapeutic strategies should be evaluated using 
different models. This would allow better char-
acterization of their intestinal anti-inflammatory  
activity, as they are very important for their 
future validation when the corresponding 
assays in the human being are developed.

3. InTESTInal anTI-
InflaMMaToRy aCTIVITy of 

PRoBIoTICS In ExPERIMEnTal 
MoDElS of InTESTInal 

InflaMMaTIon

Probiotics are defined as living microorgan-
isms that, upon ingestion in adequate amounts, 
confer a health benefit to the host beyond inher-
ent general nutrition [51]. In 1907, Metchnikoff 
was the first researcher to establish that ingested 
bacteria, in the form of yogurt and other fer-
mented foods, could exert beneficial effects to the 
human being [52]. since then, a great variety of 
microorganisms have been proposed to be con-
sidered as probiotics—most of them members 
of the genera Lactobacillus and Bifidobacterium, 
although other genera of bacteria are also used 
as well as some yeasts (Table 35.3).

several mechanisms have been proposed 
to participate in the gastrointestinal benefi-
cial effects exerted by some species of probiot-
ics (Figure 35.1). In this sense, probiotics could 
suppress the growth or mucosal adhesion and 
o sTUDy ProBIoTICs
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infectiveness of enteric pathogenic bacteria; 
competing with them for the nutrients present 
in the gut and for their space/localization. other 
factors that can contribute to this effect are 
related, firstly, with the ability of the probiotics 
to decrease luminal pH via production of short-
chain fatty acids (sCFA) [53], or to promote the 
secretion of bacteriocins or hydrogen peroxide 
[54, 55]. secondly, probiotics positively affect the 
intestinal barrier function by decreasing mucosal 
permeability [56] and/or stimulating mucin pro-
duction by epithelial cells [57]. Finally, probiotics 
have also been reported to exert immunoregu-
latory activities, either by inducing protective 
cytokines, like Il-10 and TGF, or by suppress-
ing pro-inflammatory cytokines, like TnF, 
in the intestinal mucosa [58, 59]. However, the 
detailed mechanisms by which these bacteria 

TaBlE 35.3 Probiotic microorganisms

Lactobacilli Bifidobacteria Other

L. acidophilus B. bifidum Lactococcus lactis ssp. 
lactis

L. casei var. 
shirota

B. longum Lactococcus lactis ssp. 
cremoris

L. johnsonii B. infantis Enterococcus faecium

L. fermentum B. brevis Saccharomyces 
boulardii

L. gasseri B. adolescentis Escherichia coli nissle 
1917

L. casei Pediococcus acidilactici

L. crispatus Propionibacterium 
freudenreichii

L. reuteri
L. rhamnosus
(Lactobacillus 
GG)
L. plantarum
L. bulgaricus
L. cellobiosus
L. curvatus
L. lactis cremoris
L. salivarius

Clostridium butiricum
e. AnIMAl MoDels T
mediate their effects are not fully understood 
(Figure 35.1).

3.1. Studies of Probiotics in Experimental 
Models of Rodent Colitis

over the last two decades, encouraging 
results have been obtained with probiotic ther-
apy in different experimental models of colitis 
(see Table 35.4).

one of the first studies describing the role 
of microbiota in these intestinal conditions and 
the potential beneficial effects of lactobacilli was 
reported by Fabia et al. [60], who established 
the existence of similar changes in the colonic 
mucosa-associated microflora both in UC patients 
and in rats with acetic acid-induced experimen-
tal colitis. In comparison with healthy rats, they 
showed a significant decrease in the number of 
Lactobacillus sp. in the intestinal contents in colitic 
rats 4 days after acetic acid colonic instillation, and 
suggested that the administration of Lactobacillus 
sp. with the aim to restore the altered equilibrium 
in the microbiota would be beneficial [61].

From these initial studies, several claimed 
probiotic strains have been tested in animal 
models of colitis. Holma et al. [62] reported that 
the rat strain Lactobacillus reuteri r2lC, but not 
the human strain Lactobacillus rhamnosus GG, 
showed beneficial effects in reducing the sever-
ity of the inflammatory process induced with 
acetic acid in rats. Based on these studies and 
other similar observations, it has been accepted 
that the most important factor to attenuate 
experimental colitis is not the total amount of 
lactobacilli but the particular species or strain. In 
this sense, the most studied probiotic strains in 
the treatment of IBD mainly include representa-
tives of the L. reuteri, L. salivarius, L. rhamnosus, 
L. fermentum, E. coli and L. casei species, among 
others (see Table 35.4).

Lactobacillus reuteri has been shown to signifi-
cantly reduce inflammation in different experi-
mental models of rodent colitis including those 
o sTUDy ProBIoTICs
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PROBIOTICS PREBIOTICS

Prebiotics

Probiotics

Intestinal
microbiota

FERMENTATION

Lactobacilli
Bifidobacteria

SCFA

Competing by
nutrients

Secriation of
antibacterial

proteins

Interframe with
bacterial adherence 

to the epithelium

Improvement in mucosal
barrier functions

Immunemodulation

Pathogen

1

2

3

5

4

fIGURE 35.1 suggested mechanisms of action of prebiotics and probiotics in IBD. Probiotic microorganisms (continu-
ous line) may exert their action through a modulation of the intestinal bowel microbiota, which may result from the produc-
tion of anti-microbial proteins (1), inhibition of epithelial adherence and translocation by pathogens (2), positively affect the 
intestinal barrier function by decreasing mucosal permeability (3), and also compete with metabolic interactions with poten-
tial pathogens. Finally, probiotics have been also reported to exert immunoregulatory activities (5). The effect of prebiotics 
(broken line) could be due indirectly by stimulating the selective growth of the intestinal lactobacilli and bifidobacteria, and 
thus acting similarly to the probiotics; or directly by the production of short chain fatty acids (sCFA) which could improve 
mucosal barrier funtions (3) or modulate the immune system (5).
that have been chemically induced and spon-
taneously developed. This probiotic effectively 
prevented the colonic damage induced after 
TnBs administration to rats, an effect which 
was associated with a significant reduction in 
the colonic production of the pro-inflammatory 
cytokine TnF, down-regulation in the expres-
sion of inducible nitric oxide synthase (inos) 
and a restoration in the colonic lactobacilli 
e. AnIMAl MoDels To
count [63]. Furthermore, Lactobacillus reuteri was 
also effective in inhibiting colitis in Il-10 Ko 
mice [64]. The beneficial effect of Lactobacillus 
reuteri DsM-12246 was also assessed in sCID 
mice transplanted with CD4 T blast cells, since 
the association of the probiotic to antibiotic 
treatment (vancomycin/meropenem) was able 
to ameliorate the severity of the colitis, an effect 
which was not obtained when only antibiotics 
 sTUDy ProBIoTICs
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TaBlE 35.4 Probiotics used in IBD animal studies

Prebiotic Animal model Results References

Lactobacillus 
reuteri

Acetic-induced colitis in rats
Il-10 Ko mice
Acetic-induced colitis in rats
spontaneous colitis sCID mice
TnBs-induced colitis in rats

reduced inflammation.
Prevention of development of the spontaneous colitis.
reduced inflammation.
Prevention of development of the spontaneous colitis.
Comparation between L. fermentum vs L.reuteri. Better 
anti-inflammatory effects exerted by L. fermentum.

[60]
[61]
[62]
[65]
[69]

Lactobacillus 
salivarius

Il-10 Ko mice

TnBs-induced colitis in rats

TnBs-induced colitis in mice

reduced inflammation (reduction of Th1 cytokine 
expression).
reduced inflammation (reduction of inflammatory 
cytokines, MPo, inos). restoration of gluthatione levels.
reduced inflammation.

[68]

[66]

[67]

Lactobacillus 
casei

spontaneous colitis sAMP1/
yit mice
TnBs-induced colitis in rats
TnBs-induced colitis in rats
Dss-induced colitis in mice

reduced inflammation (down-regulation of pro-
inflammatory cytokines such as Il-6 and IFn).
reduced inflammation (inhibition of ICAM-1 expression).
Moderate reduction of inflammation.
reduced inflammation (reduction of MPo and Il-12).

[71]

[72]
[69]
[70]

Lactobacillus 
rhamnosus

DnBs-induced colitis in rats

spontaneous colitis sCID mice

reduced inflammation (reduction of PGe2, MPo, and 
no).
Prevention of development of the spontaneous colitis.

[74]

[65]

Lactobacillus 
fermentum

TnBs-induced colitis in rats

TnBs-induced colitis in mice

reduced inflammation (reduction of pro-inflammatory 
cytokines, MPo and inos). restoration of antioxidant 
levels.
reduced inflammation.

[78]

[79]

Escherichia coli 
nissle 1917

Dss-induced colitis in mice
TnBs-induced colitis in rats

reduced inflammation (reduction of IFn and Il-6).
reduced inflammation (reduction of MPo and pro-
inflammatory cytokines).

[84]
[83]

Bifidobacterium 
infantis

Il-10 Ko mice reduced inflammation (reduction of Th1 cytokines while 
levels of TGF are maintained).

[68]

Bifidobacterium 
bifidum

T CD4 cells CD45rB/sCID reduced inflammation (reduction of pro-inflammatory 
cytokines such as IFn and MCP-1).

[88]

TnBs, trinitrobenzene sulfonic acid; DnBs, dinitrobenzene sulfonic acid; Dss, dextran sulfate sodium; Ko, knock-out; 
Tg, transgenic; PG, prostaglandin; MPo, myeloperoxidase; no, nitric oxide; inos, inducible nitric oxide synthase; IFn, 
interferon; Il, interleukin; MCP-1, monocyte chemoattractant protein-1; TGF, transforming growth factor; ICAM-1, 
intercellular adhesion molecule-1.
were administered to these mice [65], thus dem-
onstrating the immunomodulatory properties of 
this lactobacilli strain.

Different strains of L. salivarius have also been 
reported to exert an intestinal anti-inflammatory 
effect in different experimental models. Thus, 
L. salivarius ssp. salivarius CeCT5713 has shown 
e. AnIMAl MoDels To
beneficial effects in the TnBs model of rat colitis  
[66], L. salivarius ls-33 displayed preventive 
effect in the TnBs model in mice [67], and L. sali-
varius ssp. salivarius UCC118 attenuated colitis in 
Il-10 Ko mice [68]. These studies also revealed 
that the immunomodulatory properties of this 
probiotic can account for its beneficial effects. 
 sTUDy ProBIoTICs
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The probiotic is able to down-regulate TnF 
and Il-12 production in colitic rodents, and this 
was correlated with a decreased neutrophil infil-
tration in the inflamed tissue [66].

similarly, the immunomodulatory proper-
ties of L. casei can definitively account for the 
intestinal anti-inflammatory effect shown in dif-
ferent experimental models of colitis, namely 
TnBs model in rats [69], Dss in mice [70], or in 
the spontaneous model of colitis in sAMP1/yit 
mice [71]. one of the proposed actions for this 
probiotic is related to the modulation of leuko-
cyte recruitment into the inflamed intestine. This 
was evidenced histologically, biochemically by a 
reduction of the marker of neutrophil infiltra-
tion, colonic myeloperoxidase (MPo) activity, or 
by intravital microscopy showing a reduction in 
the increased number of adherent leukocytes to 
the venular wall in the colonic microcirculation 
associated with the induction of colitis [72]. This 
effect could be related to the abrogation of the 
colonic ICAM-1 up-regulation which occurs in 
the TnBs model [72]. Finally, when the intesti-
nal anti-inflammatory effect of Lactobacillus casei 
was evaluated in the Dss model of colitis in 
Tlr-4 Ko mice, an attenuation of the beneficial 
effect was observed, thus suggesting that the 
Tlr-4 signaling pathway may play a key role in 
the effect showed by this probiotic [70].

The probiotic Lactobacillus rhamnosus GG has 
been used for the treatment of acute diarrheic 
processes in humans for some time [73], also 
showing a clear beneficial effect in experimen-
tal models of colitis. In this way, this probiotic 
attenuates TnBs colonic-induced damage in 
rats [74] and ameliorates the severity of colitis in 
sCID mice transplanted with CD4 T cells, with 
a similar efficacy to that shown by Lactobacillus 
reuteri DsM-12246 [65]. The administration of 
Lactobacillus rhamnosus GG to transgenic HlA-
B27 rats did not prevent the development of col-
itis or ameliorated the disease once it has been 
established. However, when the probiotic treat-
ment was initiated after oral administration of 
e. AnIMAl MoDels To
vancomycin and imipenem for 2 weeks, it effec-
tively prevented colitis relapse, as evidenced 
by a significant reduction in gross and histo-
logical score damage. This effect was associated 
with a decreased activity of cecal MPo, down-
regulation of Il-1 and TnF production and 
increased production of the anti-inflammatory  
cytokine Il-10, effects that were not achieved 
with Lactobacillus plantarum 299v [42]. Moreover, 
it has been proposed that Lactobacillus rhamnosus 
GG may be capable of producing soluble mole-
cules that inhibit TnF production in activated 
macrophages, altering the TnF/Il-10 balance, 
thus contributing to the beneficial effects in intes-
tinal inflammation [75]. In addition, Lactobacillus 
rhamnosus has been reported to improve intes-
tinal barrier function by inhibition of apoptosis 
of intestinal epithelial cells and/or by inducing 
cyclooxygenase-2 expression [76, 77].

Two different strains of Lactobacillus fermen-
tum, ACA-DC 179 and CeCT5716, have been 
shown to exert intestinal anti-inflammatory 
effects in the TnBs model of colitis in mice 
and rats, respectively [78, 79]. These beneficial 
effects were associated with an inhibition in the  
production and release of pro-inflammatory  
mediators, like TnF and nitric oxide. Moreover,  
other studies have revealed that viable L. fer-
mentum and the supernatant of L. fermentum cul-
tures, but not the heat-killed bacteria, inhibited 
Il-8 secretion of Hela cells triggered by Yersinia 
enterocolitica; an effect most probably mediated 
by a secreted phospholipid [80]. nevertheless, 
other properties attributed to this probiotic can 
clearly also contribute to its beneficial effects  
in IBD. In this sense, it has been described that 
L. fermentum CeCT5716 is able to secrete dif-
ferent compounds with antioxidant proper-
ties, like glutathione, which can ameliorate the  
deleterious effects on the intestinal mucosa 
exerted by the increased production of reactive 
oxygen metabolites during intestinal inflam-
mation [78]. In addition, both L. fermentum  
ACA-DC 179 and CeCT5716 have been shown 
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to possess antimicrobial activity towards a broad  
range of microorganisms, including pathogenic 
bacteria [63, 78, 79]. Finally, it is important  
to note that the intestinal anti-inflamma-
tory effect shown by this probiotic is not 
restricted to the large intestine, since it has been  
demonstrated that L. fermentum Br11 amelio-
rates jejunal inflammation in a model of intes-
tinal mucositis induced with 5-fluorouracil in  
rats [81].

non-pathogenic Escherichia coli strain nissle 
1917 (o6:K5:H1) has also been successfully used 
for the treatment of various human diseases of 
the digestive tract, including diarrhea, diverticu-
litis and IBD [82]. Its intestinal anti-inflammatory  
effect has also been described in several experi-
mental models of colitis induced by TnBs in 
rats [83] or by Dss in mice [84], being associated 
with the inhibition of the production of pro-
inflammatory cytokines. Different mechanisms 
of action have been proposed to participate in 
the intestinal anti-inflammatory effects exerted 
by this probiotic including the inhibition of bac-
terial invasion [85], or the induction of the secre-
tion of -defensin 2 [86]. Furthermore, it has 
been reported that this probiotic may reinforce 
the mucosal barrier through the specifically up-
regulation of the zonula occludens (Zo)-1 and 
Zo-2 mrnA expression in intestinal epithelial 
cells [57].

Although these lactobacilli strains represent 
the most studied type, similar conclusions have 
been obtained with other probiotics, includ-
ing other lactobacilli strains or even yeasts like 
Saccharomyces boulardii, using the same models 
of experimental colitis [78].

The potential effect of bifidobacteria has been 
less evaluated, although some of them have 
shown beneficial effects, in which their immu-
nomodulatory activity also plays a role (Table 
35.4). The supplementation of Bifidobacterium 
infantis 35624 significantly attenuated colitis 
in Il-10 Ko mice, which was associated with  
a reduced ability to produce Th1-type pro-
inflammatory cytokines, like TnF and IFn 
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in the colonic tissue, while maintaining the lev-
els of the anti-inflammatory cytokine TGF [68]. 
Bifidobacterium bifidum BGn4, a probiotic with a 
prominent adhesive capacity for intestinal epi-
thelial cells [87], was able to significantly amel-
iorate the intestinal inflammatory response in 
the CD4 CD45rBhigh T cell transfer model, 
an effect associated with a significant reduc-
tion in the inflammatory cell infiltration and in 
the inflammatory cytokine productions in the 
inflamed large intestine [88].

Finally, and mainly based on clinical tri-
als performed in human IBD, several probiotic 
mixtures have been tested in animal models in 
an attempt to improve their activity. However, 
in contrast to that observed in humans, no clear 
differences were observed in the efficacy of pro-
biotic treatments with single bacterial strains or 
in combinations or mixtures, Vsl#3 being the 
most effective probiotic combination tested up 
to date [56, 74, 89].

The lack of a higher efficacy of probiotic mix-
tures in comparison to single probiotic treat-
ments in animal models, and the high activity 
observed with single probiotic treatments, may 
respond to the simplification of the pathol-
ogy in the animal models. In animal models, 
such as chemically-induced and genetically-
driven models, the pathology is induced by a 
reduced number of factors or alterations, and 
thus, it could be more easily counteracted than 
that observed in humans. In this sense, most 
of the probiotics tested in animal models act 
through the regulation of the inflammatory 
immune response, reduction of the inflamma-
tory cell recruitment, and restoration of the 
barrier function. Moreover, it is important to 
take into consideration that probiotics are not 
equally beneficial, since each may have indi-
vidual mechanisms of action, and host charac-
teristics may determine which probiotic species 
and even strain may be optimal. For this reason, 
it would be interesting to establish the most 
important characteristics reported for the pro-
biotics in the different experimental models, in 
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order to establish the best profile in a given set-
ting and to further understand this new concept 
for the therapy of IBD.

4. InTESTInal anTI-
InflaMMaToRy aCTIVITy 

ExERTED By PREBIoTICS  
In ExPERIMEnTal MoDElS  

of InTESTInal  
InflaMMaTIon

The term ‘prebiotic’ was initially proposed 
by Gibson and roberfroid [90] and refers to 
‘a non-digestible food ingredient that benefi-
cially affects the host by selectively stimulating 
the growth and/or activity of one or a lim-
ited number of bacteria in the colon, and thus 
improves host health.’ The prebiotic definition 
does not emphasize or target any specific bacte-
rial group. However, it is generally assumed that 
a prebiotic should increase the number and/or 
activity of bifidobacteria and lactobacilli.

Prebiotics are isolated from plants (e.g. 
chicory root) or industrially synthesized (e.g. 
enzymatically from sucrose), and can be incor-
porated into many foodstuffs, thus receiving 
high commercial interest. Moreover, due to their 
excellent safety profile and lack of serious side 
effects, the prebiotic therapeutic applications 
invite clinical trials on how to prevent various 
gastrointestinal disorders. of note, although 
the prebiotic market is mostly restricted to a 
handful of nutritional companies, new prod-
ucts are expected to be incorporated due to the 
increasing interests shown by pharmaceutical 
companies.

nowadays, the prebiotics used in europe and 
the United states are limited so far to inulin, oli-
gofructose (also named fructo-oligosaccharides or 
Fos) and galacto-oligosaccharides (Gos), mainly 
as food ingredients. lactulose, a semi-synthetic 
disaccharide made from lactose, is also consid-
ered to be a prebiotic but is considered more as a 
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medicinal product than a prebiotic food supple-
ment [91]. It is important to note that some dietary 
fibers, like Plantago ovata seeds, germinated barley 
foodstuff and rice bran, have also been demon-
strated to exert prebiotic functions [92]. Moreover, 
there is a growing list of potential synthetic can-
didates to prebiotics such as polydextrose, soy-
bean oligosaccharides, isomalto-oligosaccharides, 
gluco-oligosaccharides, xylo-oligosaccharides, 
palatinose, gentio-oligosaccharides and sugar 
alcohols (such as lactitol, sorbitol and maltitol) 
(Table 35.5).

since 1995, when the prebiotic concept was 
first used, there have been several studies eval-
uating the beneficial role of prebiotics in gas-
trointestinal health. The administration of these 
compounds has been shown to increase fecal 
biomass and water content of the stools, thus 
improving bowel habits [93]. other studies have 
demonstrated other positive effects for prebi-
otics, like serum lipid-lowering activity and 
enhancing immune system effectiveness [94].

The described mechanisms by which the 
prebiotics promote their effects on intestine 
function are mainly based on two indirect effects 
by: 1) the modulation of bacteria counts, and 
thus acting in a similar way to probiotics; and 
2) producing high amounts of short-chain fatty 
acids (sCFA) (Figure 35.1). In this sense, inu-
lin and oligofructose fed supplementation for 
2 weeks increases the number of bifidobacteria 
and lactobacilli in the mucosa-associated com-
munities of the human colon [95]. Moreover, the 
increased counts of indigenous lactobacilli in the 
cecal lumen by oral administration of inulin are 
associated to a reduction in the intracolonic pH, 
most probably caused by increased sCFA pro-
duction and to a selective stimulation of bifido-
bacteria growth. This would induce important 
changes in the composition of gut microbiota, 
increasing the potentially health-promoting 
bacteria and reducing the potentially harmful  
species [96].

Because bifidobacteria and lactobacilli are pre-
sumed to be antagonistic to pathogenic bacteria  
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TaBlE 35.5 Different types of prebiotics

Prebiotic name Origin/Manufacturing procedure fermentable

Polysaccharides Inulin extracts obtained from cereals, vegetables 
and legumes

yes

resistant starch extracts obtained from cereals, vegetables 
and legumes

yes

Plantago ovata peel Plant source Partially

Plantago ovata seeds Plant source Partially

Germinated barley foodstuff (GBF) Plant source Partially

rice bran Plant source Partially

oligosaccharides Fructo-oligosaccharides (Fos) Plants (legumes, vegetables, extracts)/
hydrolysis of cereals/synthesized

yes

Galacto-oligosaccharides (Gos) synthesized/milk yes

soybean oligosaccharides Hydrolysis of soybean nA

Xylo-oligosaccharides Plant source nA

short-chain fructo-oligosaccharides 
(sC-Fos)

Hydrolysis of inulin yes

Trans-galacto-oligosaccharides lactose synthetic ?

Disaccharides lactulose lactose synthetic ?

lactitol lactose synthetic nA

?, preliminary data but further research still needed; nA, data not available.
and to promote non-specific stimulation of the 
immune system, it is possible that the mecha-
nisms by which inulin and derived compounds 
confer beneficial effects on the host will include 
immunomodulatory effect. nevertheless, there 
have been few reports on the effect of dietary 
Fos or other prebiotics on the mucosal immune 
system. It has been demonstrated that dietary 
Fos enhanced the development of the gut-asso-
ciated lymphoid tissue, and up-regulated the 
fecal IgA content in the adult mouse. Finally, 
this prebiotic also increases the intestinal IgA 
response and pIgr expression in the small intes-
tine as well as the colon in infant mice [97, 98].

In the large bowel, the anaerobic bacteria 
ferment prebiotics in order to produce sCFA, 
mainly acetate, propionate and butyrate. There 
are good candidates to explain not only the  
gastrointestinal improvements, but also some 
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of their systemic effects [99]. Among them, 
butyrate is considered as the major energy sub-
strate for colonocytes, which also promotes key 
functions of the intestinal epithelium, includ-
ing cell proliferation and differentiation, tight 
junction permeability and epithelial restitution 
[100]. It seems that butyrate protects against 
carcinogenesis [101], at least in rats, and this is 
probably related to its ability to induce inhibi-
tion of histones phosphorylation [102]. In addi-
tion, it has been suggested that butyrate plays 
an important role in mucosal repair in inflam-
matory conditions, through the inhibition of the 
production and release of inflammatory media-
tors, including cytokines. In this sense, different 
studies have shown that topical sCFA treat-
ment can effectively be used to treat human IBD  
and experimental bowel inflammation in rats 
[103–105]. In consequence, butyrate could 
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actively participate in promoting the epithe-
lium regeneration that may occur after colonic 
damage.

4.1. Studies of Prebiotics in Experimental 
Models of Rodent Colitis

similar to that previously commented with 
the probiotics, the experimental models of coli-
tis have also provided valuable information 
about the mechanisms of action implicated in 
the anti-inflammatory effects of prebiotics, sup-
porting their potential role in the treatment of 
human IBD. The prebiotics have been mainly 
tested in the TnBs and Dss chemically-induced 
models of colitis, but data from HlA-B27 trans-
genic rats or Il-10 gene-deficient mice have also 
been reported (see Table 35.6).

The dietary supplementation with Plantago 
ovata seeds leads to an improvement in the 
inflammatory status in two colitis experimental 
models: TnBs model and HlA-B27 transgenic 
rats [106, 107]. This intestinal anti-inflammatory 
effect was associated with a significant reduc-
tion in TnF levels in the inflamed colon, when 
compared with non-treated colitic rats [106]. 
Moreover, in both models, the intestinal contents 
from fiber-treated colitic rats showed a signifi-
cantly higher production of sCFA, butyrate and 
propionate, than non-treated colitic animals. The 
increased production of these sCFA may con-
tribute to the recovery of the damaged colonic 
mucosa because they constitute substrates for 
the colonocyte and, additionally, they can inhibit 
the production of pro-inflammatory mediators, 
like TnF.

Moreover, it has been suggested that the 
butyrate generated from the bacterial fermen-
tation of germinated barley foodstuff (GBF), an 
insoluble mixture of glutamine-rich protein and 
hemicellulose-rich dietary fiber, clearly contrib-
utes to the intestinal anti-inflammatory effect 
observed in the spontaneous colitis induced in 
HlA-B27 transgenic rats and in the Dss models 
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of colitis in mice [108, 109] and rats [109, 110]. 
Furthermore, it has been demonstrated that 
resistant starch also showed anti-inflammatory 
activity in the Dss and TnBs models of murine 
colitis [111–113].

other studies have reported the beneficial 
effects obtained with soluble dietary fiber in 
different experimental models of rodent coli-
tis. Treatment with oral inulin to rats exposed 
to Dss resulted in the amelioration of dam-
aged mucosa and a decreased severity of crypt 
destruction, an effect associated with a signifi-
cant reduction in tissue MPo activity and in 
the mucosal release of inflammatory mediators 
[114, 115]. Moreover, Fos supplementation has  
been shown to attenuate TnBs-induced colitis 
in rats, promoting the growth of beneficial lactic 
acid bacteria and increasing colonic butyrate lev-
els [116]. However, another study has reported 
that no beneficial effect was observed in the 
Dss-induced colitis model in rats [111]. Holma  
et al. have reported a similar inefficacy of 
galacto-oligosaccharides in TnBs-colitis rats 
[117], although the lack of efficacy has not been 
consistent with other studies. For instance, Dss-
colitis rats fed goat’s milk oligosaccharides 
showed a beneficial preventive effect evidenced 
by maintenance in bodyweight, a decreased 
colonic MPo activity, and milder clinical symp-
toms, as well as an increased MUC-3 compared 
with the control group [118]. In consequence, 
further studies are necessary to elucidate the 
mechanism involved in the beneficial effect of 
these compounds in intestinal function and their 
implication in human intestinal inflammation.

Interesting results have been obtained when 
short-chain fructo-oligosaccharides (sC-Fos), 
obtained by hydrolysis and purification proce-
dures from inulin, are used as prebiotics. These 
prebiotics, in spite of being preferentially fer-
mented in the upper part of the large intestine, 
seem to be as effective as other longer chain 
Fos in the amelioration of distal colonic inflam-
mation. Thus, administration of sC-Fos to rats 
significantly ameliorated the extent of severity  
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TaBlE 35.6 Prebiotics used in IBD animal studies

Prebiotic Animal model Results References

Plantago ovata seeds TnBs-induced 
colitis in rats

reduced inflammation (reduction of MPo, TnF and 
no). Increased sCFA production.

[106]

HlA-B27 Tg rats reduced inflammation (reduction of MPo, TnF, no 
and lTB4). Increased sCFA production.

[107]

Germinated barley 
foodstuff (GBF)

Dss-induced 
colitis in rats

reduced inflammation (improve intestinal barrier 
function). Increased butyrate production.

[108]

Dss-induced 
colitis in rats

reduced inflammation. Increased butyrate 
production.

[109]

Dss-induced 
colitis in mice

reduced inflammation. Increased butyrate production 
and adsorption of bile acids.

[110]

resistant starch Dss-induced 
colitis in rats

reduced inflammation. Increased butyrate 
production.

[111]

Dss-induced 
colitis in rats

reduced inflammation. Increased butyrate uptake 
and its oxidation.

[112]

TnBs-induced 
colitis in rats

reduced inflammation (reduction of colonic 
permeability). Increased butyrate production.

[113]

Inulin Dss-induced 
colitis in rats

reduced inflammation (reduction of MPo and 
eicosanoids). Increased lactobacilli counts.

[114]

Dss-induced 
colitis in rats

reduced inflammation (reduction of MPo and Il-1). 
Increased butyrate production.

[115]

Fructo-oligosaccharides 
(Fos)

Dss-induced 
colitis in rats

Moderate reduction of inflammation. Increased 
butyrate production.

[115]

Dss-induced 
colitis in rats

Inefficacy in experimental colitis. Increased butyrate 
production.

[111]

TnBs-induced 
colitis in rat

reduced inflammation (reduction of MPo). Increased 
lactate and butyrate production and lactobacilli 
counts.

[116]

short-chain fructo-
oligosaccharides (sC-Fos)

TnBs-induced 
colitis in rat

reduced inflammation (reduction of MPo, lTB4 and 
no). Increased sCFA production and lactobacilli/
bifidobacteria counts.

[119]

Galacto-oligosaccharides 
(Gos)

TnBs-induced 
colitis in rat

Inefficacy in experimental colitis. Increased 
bifidobacteria counts.

[117]

Dss-induced 
colitis in rat

reduced inflammation (reduction of MPo and 
restoration of mucine-3 gene expression).

[118]

lactulose Il-10 Ko mice Prevention of development of the spontaneous colitis. 
normalization of lactobacilli counts.

[64]

Dss-induced 
colitis in rat

reduced inflammation (reduction of MPo). [121]

TnBs-induced 
colitis in rat

reduced inflammation (reduction of MPo, TnF and 
no). Increased lactobacilli and bifidobacteria counts.

[120]

TnBs, trinitrobenzene sulfonic acid; Dss, dextran sulfate sodium; Tg, transgenic; Ko, knock-out; MPo, myeloperoxidase; 
no, nitric oxide; TnF, tumor necrosis factor; sCFA, short-chain fatty acids; lTB4, leukotriene B4; PAF, platelet activating 
factor; PG, prostaglandin; Il, interleukin.
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in the colonic damage in the TnBs model of rat 
colitis has been demonstrated [119]. This ben-
eficial effect was associated with a reduction 
of colonic MPo activity, lTB4 production and 
inos expression. Moreover, the prebiotic role of 
sC-Fos was also evident, since the decrease in 
colon lactobacilli and bifidobacteria caused by 
TnBs treatment in colitic rats fed the sC-Fos 
diet was not observed.

The effects of the prebiotic lactulose have also 
been tested in different animal models of intes-
tinal inflammation. lactulose supplementation 
facilitates the recovery of the inflamed tissue 
in the TnBs model of rat colitis, an effect that 
is associated with the amelioration in the pro-
duction of some of the mediators involved in 
the inflammatory response of the intestine, like 
TnF and no (Table 34.6). This beneficial effect 
could again be ascribed to its prebiotic effect, 
by increasing the lactobacilli and bifidobacteria 
counts in comparison with non-treated colitic 
rats, thus attenuating the exacerbated immune 
response evoked by the colonic instillation of 
the hapten TnBs in rats [120]. lactulose has 
also demonstrated a dose-dependent beneficial 
effect in Dss-induced colitis in rats, including 
improvements of colonic ulceration areas, body- 
weight changes, diarrhea, bloody stools and a 
reduction of MPo activity and microscopic coli-
tis [121]. likewise, protective effects of lactulose 
have been demonstrated in Il-10 Ko mice [64].

Finally, several prebiotic mixtures and combi-
nations between prebiotics/probiotics have been 
tested in animal models in order to improve 
their activity. Thus, the combination of fructo- 
oligosaccharides and inulin showed anti-
inflammatory activity in spontaneous colitis in 
HlA-B27 rats [122]. The effects of oligofructose 
or inulin alone or in combination with probi-
otics have also been tested in the Dss model 
of rodent colitis [115], showing an improved 
colonic MPo activity, as well as reduced expres-
sion of inflammatory mediators. A similar study 
performed in HlA-B27 transgenic rats reported 
the effects of the symbiotic ‘sIM’, a combination  
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of lactobacilli, bifidobacteria and the prebi-
otic inulin, although the beneficial effects  
were mainly attributed to the inulin rather than 
to the presence of the probiotics in the combi-
nation [84].

one of the common characteristics reported 
in most of these studies performed with prebi-
otics is the fact that the beneficial effects could 
be associated with the increased production 
of sCFA in the intestinal lumen. of note, it has 
been suggested that intracellular butyrate oxi-
dation is impaired in patients with ulcerative 
colitis [123]. Moreover, decreased -oxidation in 
colonic epithelial cells, similar to that observed 
in ulcerative colitis [124], was shown in the 
murine model of Dss-induced colitis [125]. 
Thus, the energetic deficit in the colonocytes 
observed during IBD could be counteracted by 
prebiotic treatment. In this sense, Fos treatment 
in TnBs-induced colitis increased the concentra-
tion of lactate and butyrate as well as the counts 
of lactic acid bacteria in the cecal contents. since 
the direct intracecal infusion of lactic acid bacte-
ria together with sCFAs was able to reproduce 
the intestinal anti-inflammatory effects of Fos in 
the TnBs-induced colitis, it has been suggested 
that fermentation of the prebiotic by lactic acid 
bacteria was the principal mechanism mediat-
ing their anti-inflammatory effect [116].

In addition to their effects on the metabolic 
function of the epithelial cells and on the modu-
lation of microflora content in the gut lumen, 
the increased production of sCFAs associated 
to prebiotic intake may result in other different 
actions, which definitively also contribute to the 
intestinal anti-inflammatory effect evidenced in 
experimental models. These beneficial effects 
were associated to a reduction in the produc-
tion of pro-inflammatory cytokines, including 
Il-6, Il-8, Il-1 and TnF [106–109, 110], and 
even to enhance the expression of regulatory 
type cytokines like TGF [122]. However, the 
direct mechanism of action produced by prebi-
otics in the immune system has not been totally 
elucidated.
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5. ConClUSIonS

In conclusion, there is increasing evidence 
supporting the pivotal role that probiotics and 
prebiotics may have in the prevention and man-
agement of various gastrointestinal disorders, 
although this will depend on the bacteria and/
or prebiotic used, as well as the type and sever-
ity of the intestinal condition to be treated. These 
‘pharmabiotics’ constitute a heterogeneous group 
with different properties and biological effects on 
gut physiology and pathophysiology. In addi-
tion, similar bacteria do not share similar thera-
peutic activity. Further work with well-designed 
randomized control clinical trials is necessary 
in order to understand the undoubted role of 
these agents in the management of gut physiol-
ogy in health and disease. Meanwhile the use of 
validated experimental models has allowed the 
selection and exploration of potential therapeuti-
cal candidates previously to their translation to 
the human beings.
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