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PREFACE 
 

 

The chapters in this volume present the latest developments in medicine 

and biology. Chapters One researches recent topics in retinal ganglion cells. 

Chapter Two provides a review of acetylsalicylic acid resistance. Chapter 

Three analyzes the effect of chlorogenic acid (CGA) on myocardial diseases. 

Chapter Four focuses on the role of diet in the composition and activity of gut 

microbiota. Chapter Five examines data on the Maillard reaction as a cause of 

stochastic damage in E. coli, and subsequently, of E. coli aging. Chapter Six 

studies haploinsufficient tumor suppressor genes. Chapter Seven discusses 

animal models of respiratory distress in neonates. Chapter Eight presents 

professional training in the work-up of bleeding disorders in women. Chapter 

Nine investigates microbial dynamics characterization during the composting 

process of organic wastes. 

Chapter 1 - Retinal photoreceptors (rods and cones) respond only to light 

falling on the retina from a specified direction. This allows them to detect the 

amount of light originating from a small point in viewing space. Having 

photoreceptors is a prerequisite for the spatial resolution necessary for any 

reasonable level of visual acuity. However, simpler organisms have also 

evolved photoreceptive mechanisms without a visual system. What then do 

these simpler organisms use light detection for, and is this evolutionarily 

ancient function still relevant for photoreception? 

The transmission of visual information to visual centers via the optic 

nerve involves light perception by rods and cones, conversion to electrical 

signals, and generation of action potentials by retinal ganglion cells (RGCs). 

The photoreception by which light emitted from a point in viewing space is 

perceived and an image of the external world is captured, and this is known as 

image-forming vision. Although the rods and cones play an important role, the 
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RGCs probably plays only a minor role in this photoreception. Over 90% of 

the total number of RGCs include parasol RGCs that respond to low contrast 

stimulation and midget RGCs that process images from red and green color 

information. 

Recently, the existence of RGCs with specialized functions, such as 

perceiving object movement and direction (directional selective RGCs), light-

dark contrast boundaries (local edge detector RGCs), and processing blue 

color information (blue-ON / yellow-OFF RGCs), has been reported. 

Moreover, these are classified not as a single type, but rather many types (at 

least 13 distinct types), of neurons based on their dendritic morphologies 

(spread, degree of branching, linearity), projection sites of the inner plexiform 

layer, and response to ON/OFF light. 

Chapter 2 - Aspirin has been used for a hundred years to prevent platelets 

from forming thromboxane A2 in atherosclerotic events. Today, many 

researchers are investigating the possible mechanisms of aspirin resistance. 

The first survey on this topic was done by Mehta et al. in 1978; they gave 650 

mg aspirin to 10 patients before catheterization. They reported that the platelet 

function remained normal during and after catheterization in three of these 

patients. Other surveys have investigated why some people are affected more 

and others less. Initially, there is failure in the formation of thromboxane A2; 

after treatment, failure is due to various additional factors. Patient compliance 

can play an important role in aspirin resistance. There is no standardized 

laboratory test for aspirin resistance. In treatment, it is important to know the 

underlying reason. An exact diagnosis and treatment are necessary with 

diseases other than those with thrombotic causes, such as infective 

endocarditis and vasculitis. Medications that can interact with aspirin have to 

be avoided, and the patient must give up smoking. The other significant point 

is the need for dose adjustment according to the individual patient. 

Chapter 3 - It is well known that plant polyphenols inhibit the 

development of cardiovascular diseases. However, the effect of chlorogenic 

acid (CGA), one of the major polyphenol constituents of coffee beans, on the 

disease is yet to be elucidated. This article reviews the effect of CGA on 

myocardial diseases. Firstly, the authors reviewed the effects of CGA on 

human cardiovascular diseases. Several studies indicated that CGA might 

decrease the clinical risk of cardiovascular diseases via anti-hypertensive and 

anti-endothelial dysfunction. Next, the authors demonstrated that CGA could 

improve pathological remodeling through the suppression of myocardial cell 

infiltration and fibrosis in animal models. The authors’ findings and previous 
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data suggest that the CGA treatment may have beneficial effects on the 

progression of myocardial diseases. 

Chapter 4 - Gut microbiota represents an important part in food digestion, 

immunity, metabolism and gene expression as well. It consists of about 1014 

bacterial cells represented by more than 400 species that can affect its host in 

many ways. Qualitative and quantitative composition of microbiota can be 

influenced by many factors such stress, age, antibiotic therapy or diet. The last 

mentioned factor is a study subject of many researchers nowadays. Many 

studies have pointed out that diet based on vegetables such vegan diet shift 

human gut microbiota to higher prevalence of beneficial bacteria and 

consequently to healthier lifestyle. In the authors’ research the authors have 

studied qualitative and quantitative composition of cultivable bacterial genera 

in stool of 240 healthy volunteers aged between 20 and 60 differ in diet. More 

than half (136) belongs to vegetarians divided to semi vegetarians (pullo and 

pesco), lacto vegetarians, lacto-ovo vegetarians and vegans. No significant 

differences were found between meat-eaters and vegetarians. On the other 

hand, lacto-, vegans had lower number of almost all studied bacterial genera. 

The authors have also focused on presence of potential mutagenic compounds 

in stool. Percentage of stools positive on potential mutagenic compounds was 

almost same in both groups. However, obesity is also linked to shifts in 

microbial composition, obese and lean subjects were also studied. Obese 

subjects have only slightly increased staphylococci. Furthermore, the authors 

have observed more differences between underweight and lean subjects. 

Chapter 5 - Recent studies have challenged the paradigm that bacteria do 

not age and are immortal. Stewart et al. (PLoS Biology, 2005, 3(2), e45) 

provided an intriguing evidence that during division Escherichia coli K-12 

exhibits functional asymmetry, leaving behind a mother cell with delayed 

growth and survival rate and a younger daughter cell, empowered to 

successfully perpetuate the species over time. In view of this new finding, 

bacteria, and in particular E. coli, emerged as a promising model for 

exploration of basic mechanisms of aging. It is not yet clear to what extent 

pro- and eukaryotic cells age similarly but at least some features of aging, 

especially at the molecular level, should be common. Spontaneous chemical 

reactions including hydrolysis, oxidation and glycation (the Maillard reaction) 

are well known to deteriorate macromolecular structure and function. The 

Maillard reaction, yielding the so-called Advanced Glycation End Products 

(AGEs) on proteins, DNA and amino-lipids, has been long associated with 

diseases (diabetes, Alzheimer’s and Parkinson’s diseases) and aging in 

humans. The authors have demonstrated that despite the short life span of E. 
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coli of tens of minutes to hours, its chromosomal DNA accumulates AGEs 

under normal growth conditions (Mironova et al., Mol. Microbiol., 2005, 

55(6), p1801). Such progressive modification of a key biological molecule 

provides an independent line of evidence for E. coli aging. This article reviews 

data on the Maillard reaction as a cause of stochastic damage in E. coli, and 

subsequently, of E. coli aging. 

Chapter 6 - Haploinsufficiency of tumor suppressor genes (TSGs) 

indicates that the reduced levels of proteins in cells that lack one allele of the 

genomic locus results in the inability of the cell to execute normal cellular 

functions contributing to tumor development. Representative cases of 

haploinsufficient TSGs are p27Kip1, p53, DMP1, NF1, and PTEN. Tumor 

development is significantly accelerated in both mice with homozygous and 

heterozygous gene deletion, with expression of the wild type allele in the 

latter. Newly characterized TSGs such as AML1, EGR1, TGFβR1/2, and 

SMAD4 have also shown haploid insufficiency for tumor suppression. This 

phenotype has typically been demonstrated in gene knockout mouse models, 

but analyses of human samples have been conducted in some cases. Recent 

studies suggest collaboration of multiple haploinsufficient TSGs in 5q-, 7q-, 

and 8q- syndromes, which is called compound haploinsufficiency. Although 

ARF is a classical TSG, it also belongs to this category since Arf+/- accelerates 

tumor development when both alleles for Ink4a are inactivated. Haploid 

insufficiency of Arf was also reported in myeloid leukemogenesis in the 

presence of inv(16). In case of p53, p53+/- cells achieve only ~25% of p53 

mRNA and protein levels as compared to those in wild type, which could 

explain the mechanism. TGFβR1+/- collaborates with ApcMin+/- in colorectal 

cancer development; TGFβR2+/- and Smad4+/- collaborates with K-Ras 

mutation in pancreatic ductal adenocarcinomagenesis, demonstrating the 

synergism of haploinsufficient TSGs and other oncogenic events. These TSGs 

can be targets for activation therapy in cancer since they retain a functional 

allele even in tumor cells. 

Chapter 7 - A respiratory distress in neonates developed from various 

reasons is characterized by a reduced ability or an inability to supply gas 

exchange. This situation may originate from a prematurity and an insufficient 

synthesis of a pulmonary surfactant, i.e., respiratory distress syndrome (RDS) 

in preterm neonates. Another reason is represented by a secondary inactivation 

of the surfactant in the term neonates, e.g., from bacterial endotoxins in 

pneumonia or from aspiration of a meconium. To find out an appropriate 

treatment, a special in vivo testing in the laboratory conditions is necessary. 

The models of the mentioned clinical situations provide new information on 
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the pathophysiology of the disorders. Furthermore, they offer unique 

possibilities to test novel therapeutic approaches in the conditions very similar 

to the respective clinical syndromes. 

Chapter 8 - More than 2 million women in the United States have an 

underlying bleeding disorder. The prevalence for bleeding disorders among 

women with menorrhagia is 20%. The most commonly reported symptoms 

among individuals with a diagnosis of von Willebrand disease (VWD) or any 

suspected bleeding disorder include epistatxis, gingival bleeding, easy bruising 

and menorrhagia. Therefore, patient history is very important to guide an 

initial workup. Additionally, many recommend that the initial evaluation 

include complete blood count (CBC), prothrombin time (PT), activated partial 

thromboplastin time (PTT), international normalized ratio (INR), platelet 

function assay (PFA-100), blood type, bleeding time and VWF assays. There 

are a variety of treatments that exist for von Willebrand factor (VWF). The 

National Heart, Lung, and Blood (NHLBI) of the National Institutes of Health 

issued a guideline regarding bleeding disorders. This chapter describes the 

highlights of the NHLBI guidelines. In addition, the authors include 

information on the training of obstetrics-gynecology residents and Women’s 

Health Advance Practice Nurses in the evaluation of bleeding disorders in 

women, and characterize the experience more fully and assess the evolving 

state of training in the evaluation of menorrhagia and bleeding disorders. 

Chapter 9 - Composting process is a natural pathway to convert organic 

matter into humic substances end product. The objective of this study is 

focused mainly on the characterization of the microflora, which plays a key 

role as decomposers during the composting process and its interaction with 

physico-chemical parameters. Mesophilic microflora constitutes the pioneer 

component, while thermophilic microflora contributes significantly to the 

quality of the compost especially during the thermophilic stage. Indigenous 

microflora community changes during composting of activated sewage sludge 

and date palm waste, and food waste and garden clippings. The thermophilic 

microflora evolution during composting is linked to ascending temperature 

(over than 50°C). The mesophilic microflora is found to be more abundant 

than the thermophilic bacteria throughout the co-composting process. Total 

microflora followed the temperature profile variation. The values of pH, T°C 

and C/N ratio are typical values for composting process. The temperature rise 

and the abatement of C/N ratio during composting of sewage sludge/ date 

palm and household/green waste indicate the intense microbial activity. 

Thereafter, the decrease in biomass and temperature show the end of the 

composting process. Fungal microflora increases during the thermophilic stage 
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with a high correlation rate in sewage sludge-palm waste composting. The 

changes in microflora explain the organic matter evolution during composting. 

The dynamics of microbial community in different compost ecosystems varies 

with qualitative and quantitative changes in physico-chemical conditions of 

compost, which is linked to the quality of organic matter degradation.  
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RECENT TOPICS IN THE RETINAL 

GANGLION CELLS 
 

 

Ken Asakawa 
Department of Orthoptics and Visual Science, Kitasato University, School 

of Allied Health Sciences, Japan 

 

 

1. ROLE OF RODS, CONES AND RETINAL  

GANGLION CELLS 
 

Retinal photoreceptors (rods and cones) respond only to light falling on 

the retina from a specified direction. This allows them to detect the amount of 

light originating from a small point in viewing space. Having photoreceptors is 

a prerequisite for the spatial resolution necessary for any reasonable level of 

visual acuity. However, simpler organisms have also evolved photoreceptive 

mechanisms without a visual system. What then do these simpler organisms 

use light detection for, and is this evolutionarily ancient function still relevant 

for photoreception? 

The transmission of visual information to visual centers via the optic 

nerve involves light perception by rods and cones, conversion to electrical 

signals, and generation of action potentials by retinal ganglion cells (RGCs). 

The photoreception by which light emitted from a point in viewing space is 

                                                           
 Corresponding author: Ken Asakawa, 1-15-1 Kitasato, Sagamihara, Minami-ku, Kanagawa 

252-0373, Japan. E-mail: asaken@kitasato-u.ac.jp 
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perceived and an image of the external world is captured, and this is known as 

image-forming vision. Although the rods and cones play an important role, the 

RGCs probably plays only a minor role in this photoreception. Over 90% of 

the total number of RGCs include parasol RGCs that respond to low contrast 

stimulation and midget RGCs that process images from red and green color 

information. 

Recently, the existence of RGCs with specialized functions, such as 

perceiving object movement and direction (directional selective RGCs), light-

dark contrast boundaries (local edge detector RGCs), and processing blue 

color information (blue-ON / yellow-OFF RGCs), has been reported. 

Moreover, these are classified not as a single type, but rather many types (at 

least 13 distinct types), of neurons based on their dendritic morphologies 

(spread, degree of branching, linearity), projection sites of the inner plexiform 

layer, and response to ON/OFF light. [1] 

 

 

2. MELANOPSIN-CONTAINING RETINAL GANGLION CELLS 
 

Retinal photoreceptor cells were regarded as the rods and cones for  

more than 100 years, but the fact the circadian rhythm is maintained even  

in mice and humans who have completely lost vision suggested the presence 

of other photoreceptors. Provencio et al. [2] isolated melanopsin, a 

photosensitive visual pigment, from dermal melanophores in Xenopus laevis 

and reported that melanopsin was present in RGCs of inner retina. These 

RGCs respond to depolarization regardless of visual information from 

conventional photoreceptors of outer retina, and they are known as 

intrinsically photosensitive RGCs or melanopsin-containing RGCs (mRGCs). 

mRGCs account for only about 1% of the total number of RGCs, but have 

large cell bodies and an extensively branching dendritic structure with long 

dendrites. [3] Therefore, mRGCs make it possible to detect light over an 

extensive portion of the retina despite their relatively small number. Berson et 

al. [4] found that mRGCs have projections to the suprachiasmatic nucleus 

(SCN), the center of the internal clock, and reported these as novel 

photoreceptors involved in circadian rhythm. Some nerve terminals project to 

the SCN and play a role in regulation of the circadian rhythm and melatonin 

secretion. [5] In particular, they also project to the olivary pretectal nucleus 

(OPN) and Edinger-Westphal nucleus (EW) in the midbrain and play a role in 

the pupil light reflex. [6, 7] These photoreceptions by mRGCs are called non-

image-forming vision, and based on wavelength characteristics that lead to 
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pupil constriction in mice [7] and rabbits [8] with complete retinal 

photoreceptors loss or dysfunction, sensitivity is highest for 460-480 nm blue 

light and become depolarized in response to light stimulus after a long latency 

time. 

Recently, they can be classified into five subtypes (M1-M5) based on 

differences in their dendrite formation and projection sites, [9] but differences 

in their function, significance, and expressed genes are not well understood. In 

our previous experiment [10], this about 470-nm blue light is the same 

wavelength as the color of the daytime blue sky (Figure 1). This fact indicates 

that the presence of a mechanism for perceiving blue light dates back to 

ancient organisms, and that non-image-forming vision is related to natural 

light. 

 

Figure 1. Wavelength components of natural light. Natural light contained wavelengths 

of blue light with peak intensities at 470 nm (A: from 7:00 to 16:00, B: 19:00 only). 

(Modified and reproduced with permission from reference 10.) 

 

3. CONTRIBUTION OF MRGCS TO THE PUPIL  

LIGHT RESPONSE 
 

The blue light stimulus activates mostly S cones and rods, in addition to 

any possible activation of mRGCs. The effect on that should be considered; 

accordingly, it is still not firmly established whether the obtained response  

was caused by the mRGCs. Thus, we performed the animal experiment in 

rabbits with degeneration of rods and cones. [8, 11] This experiment was 

conducted according to the ARVO Statement, and was approved by the 

Animal Experiment Ethics Committee of Kitasato University. We conducted 

the functional evaluation by recording the changes in the pupil response  

to red (635 nm) and blue (470 nm) light stimulus and the amplitude  
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of the electroretinography (ERG). Morphologically, rod and cone  

distribution was examined using light microscopy and electron microscopy. 

Immunofluorescence staining for the identification of mRGCs was confirmed 

by injecting a specific antibody. 

Although the flat ERG, pupil constriction with a long latency time was 

still induced during exposure to blue light (Figure 2). Of note, some RGCs had 

large cell bodies with long branching dendritic structures, and the mRGCs 

could be identified even in a rabbit (Figure 3). Consequently, these findings 

indicate that the colored-light pupil response can be used to predict the state of 

outer retinal degeneration. Moreover, the existence of these residual mRGCs 

despite advanced degeneration of conventional retinal photoreceptors i.e., rods 

and cones indicates the fact that mRGCs are involved in synchronization of the 

circadian rhythm and are classical photoreceptors in the sleep-wake cycle. 

 

 

Figure 2. Typical pupillography and electroretinography in rabbit with outer retinal 

degeneration. 

A. Pupil constriction with long latency time is induced with blue light stimulus, but not 

with red light stimulus. B. Amplitudes of a-and b-waves were almost non-recordable. 

Small arrowhead shows the start point of light stimulus. 

(Modified and reproduced with permission from reference 8.) 



Recent Topics in the Retinal Ganglion Cells 5 

 

Figure 3. Various types of rabbit RGCs. 

A. Both large cells and small cells, and also some large cells with long branching 

dendrites are observed. B. mRGC can be identified even in the rabbit (white arrow). 

 

4. FUTURE OUTLOOK OF MRGCS 
 

Reports of circadian rhythm changes with the ambient light-dark cycle 

even in a mouse model of retinal degeneration with complete loss of rods and 

cones has prompted further basic research on mRGCs. [12] On the other hand, 

in mice with specific loss of mRGCs, projections to the SCN are lost, the 

circadian rhythm is not synchronized, and the pupil light reflex is also 

completely lost. Interestingly, visual perception ability is similar to wild-type 

mice, and thus various studies have reported that they also contribute to visual 

perception. [13] In monkeys, the projection to the lateral geniculate nucleus 

(LGN), a major pathway of visual information, have been found. [3] Mice 

with rods and cones dysfunction are reported to have a spatial resolution of 

<0.16 cycles/degree. [14] Moreover, humans in whom rods and cones function 

has been lost can still detect light at a wavelength of 480 nm. [15] If indeed 

mRGCs can contribute to a visual perception at a specific light wavelength, 

these can be developed for alternative vision in patients with retinal 

photoreceptors dysfunction. 
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ABSTRACT 
 

Aspirin has been used for a hundred years to prevent platelets from 

forming thromboxane A2 in atherosclerotic events. Today, many 

researchers are investigating the possible mechanisms of aspirin 

resistance. The first survey on this topic was done by Mehta et al. in 

1978; they gave 650 mg aspirin to 10 patients before catheterization. 

They reported that the platelet function remained normal during and after 

catheterization in three of these patients. Other surveys have investigated 

why some people are affected more and others less. Initially, there is 

failure in the formation of thromboxane A2; after treatment, failure is due 

to various additional factors. Patient compliance can play an important 

role in aspirin resistance. There is no standardized laboratory test for 

aspirin resistance. In treatment, it is important to know the underlying 

reason. An exact diagnosis and treatment are necessary with diseases 

other than those with thrombotic causes, such as infective endocarditis 

and vasculitis. Medications that can interact with aspirin have to be 
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avoided, and the patient must give up smoking. The other significant 

point is the need for dose adjustment according to the individual patient. 

 

 

1. INTRODUCTION 
 

Acetylsalicylic acid (ASA) has been used for more than a hundred years to 

inhibit the formation of thromboxane A2 by platelets during atherosclerotic 

events. However, ASA resistance is reported with increased frequency. One of 

the first studies on this topic was performed by Mehta et al. [1] in 1978. They 

detected ASA resistance in three-tenths of a group of patients who took 650 

mg ASA prior to catheterization. A similar study was performed in 1993 with 

181 patients who were given 500 mg ASA three times a day. Their platelet 

functions were measured, and 60 of the patients were detected as being ASA 

resistant. At a two-month follow up, 40% of the resistant patients and 4.4% of 

the non-resistant patients had been faced with a severe vascular event [2]. An 

increasing number of studies on ASA resistance are being conducted. In these 

studies, the prevalence of ASA resistance is shown to be between 5.5% and 

61% [3-8]. 

 

 

2. PHYSIOLOGY OF PLATELET ADHESION, ACTIVATION 

AND AGGREGATION 
 

When a normal vessel’s intima layer and subendothelial collagen are 

injured, the von Willebrand factor is released into the circulation. The platelets 

in circulation bind with the subendothelial collagen by their glycoprotein Ia/IIa 

and Ib/V/IX receptors; this platelet adhesion causes an activation which results 

in a change in the platelet shapes [9-11]. At the same time, due to certain 

chemical reactions, the bound calcium in the platelets changes into a free type. 

The free ion calcium causes additional changes in the platelets. The first 

change is to the structural change of the glycoprotein IIb/IIIa that is present on 

the surface, resulting in fibrinogens in the circulation binding to the proteins. 

The second change in the platelet activation is the binding to surrounding 

platelets through the provision of molecules such as ADP. The third change is 

the formation of arachidonic acid due to the increased effect of phospholipase 

A2 [9-11]. 
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The arachidonic acid that is present in the platelets is transformed into 

thromboxane A2 due to the effects of COX-1 and thromboxane synthase. 

Thromboxane A2 increases the fibrinogen receptors on the surface of the 

platelet so when it is released into the circulation it causes activation of the 

platelets by binding with their surface receptors [12]. Thromboxane A2 is a 

vasoconstrictor and also has a synergistic effect with proteins such as ADP, 

fibrinogen and factor V, which are released by the activated platelets. 

 

 

2.1. Thromboxane A2 Production 
 

The production rate of thromboxane A2 can be measured from  

its metabolites such as thromboxane B2 in plasma and blood or 11-

dehydrothromboxane in urine. The presence of thromboxane B2 in blood 

mainly depends on COX-1 [13]. However, the measurement of thromboxane 

B2 is difficult: production of thromboxane A2 other than by platelets can 

influence the results. The other thromboxane A2 production mechanisms are 

the macrocytes and macrophages inside the atherosclerotic plaques. In some 

instances, megakaryocytes and endothelial cells can also produce thromboxane 

A2 [14-18]. 

 

 

2.2. The Effect of ASA 
 

ASA irreversibly inhibits the COX-1 enzyme by acetylation. In this way, 

the production of thromboxane A2 by the platelets is decreased [19-21]. This 

COX-1 inhibition is fast, is effective even in low doses and is irreversible. 

After a single 325 mg dose of ASA, the COX-1 activity by the reproduced 

platelets returns to normal by 10% each day. Thromboxane B2 (an enduring 

metabolite of thromboxane A2) decreases by 95% with the use of 0.45 mg/kg 

ASA for five days [21, 22]. It is thought that ASA has an additional 

antithrombotic effect, apart from COX-1, but there is no proven mechanism. 

 

 

3. ASA RESISTANCE 
 

ASA resistance can be divided into clinical and laboratory resistance 

according to the means of diagnosis [23].  
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3.1. Clinical ASA Resistance 
 

The clinical ASA resistance can be explained as the failure of ASA to 

prevent the patient from experiencing atherosclerotic events. The diagnosis is 

determined after an atherothrombotic event in a patient who is using ASA in 

therapeutic doses. But this diagnostic method is a retrospective way of 

diagnosis and so is of limited benefit. Hence, this condition is called a failure 

of ASA treatment rather than ASA resistance. The factors thought to cause 

ASA resistance are summarized in Table 1. 

 

Table 1. The possible causes of ASA resistance 

 

A decrease in the bioavailability of ASA 

 Inappropriate ASA usage (weak compliance with medication) 

 Inappropriate ASA dose 

 Decreased absorption or increased metabolism of ASA 

Weak binding to COX-1 

 Concomitant with use of some NSAID drugs 

Other sources of thromboxane production that cannot be blocked by ASA 

 Thromboxane production in macrophages, monocytes and endothelial 

cells due to COX-2 

Other paths of platelet activation 

 Increased hypersensitivity to collagen and ADP 

 Platelet activation from the paths that cannot be blocked by ASA 

(collagen, ADP, epinephrine) 

Increased platelet cycle 

 Increased platelet formation in bone marrow due to stress, resulting in 

inadequate inhibition of COX-1 by daily ASA intake due to faster platelet 

cycle 

Genetic polymorphisms 

 Polymorphism in enzymes of COX-1, COX-2, thromboxane A synthase 

and other arachidonic acid metabolism enzymes 

 Polymorphism in receptors of glycoprotein Ia/IIa, Ib/V/IX and IIb/IIIa 

and receptors of collagen and von Willebrand factors 

Loss of antiplatelet effect due to long use of ASA 

 Tachyphlaxis 

Non-atherothrombotic vascular reasons 

 Cardiac embolism (fibrin thrombus, tumor, prosthesis) 

 Arteritis 
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3.2. Laboratory ASA Resistance 
 

ASA resistance can also be diagnosed by laboratory examination 

measuring thromboxane A2 resistance or platelet function dependent on 

thromboxane [24-26]. The advantages and disadvantages of these laboratory 

tests are summarized in Table 2. 

 

Table 2. Laboratory tests for measuring ASA resistance 

 

Thromboxane 

Production 

Advantages Disadvantages 

Blood thromboxane 

B2 

It depends on the target of 

ASA treatment, COX-1 

It may be non-specific to 

platelets 

The experience of the operator 

plays an important role 

Urinary 11- 

dehydrothromboxane 

B2 

It depends on the target of 

ASA treatment, COX-1 

It has relationship with 

clinical events 

Non-specific to platelets 

Sensitivity is unknown 

Repeatability is unknown 

Not studied much 

Platelet function depending on thromboxane 

Light and optic 

aggregation 

Conventional gold standard 

Widely used technique 

It has relationship with 

clinical events 

Non-specific to platelets 

Sensitivity is not clarified 

Repeatability is limited 

Requires intensive workload 

It depends on the experience 

of the operator 

Self-resistance 

aggregation 

The preparation phase is easy Non-specific to platelets 

Sensitivity is unknown 

It depends on the experience 

of the operator 

PFA*-100 Easy 

Fast 

Semiautomatic 

It has relationship with 

clinical events 

It depends on the level of von 

Willebrand factor and 

hematocrit  

Non-specific to platelets 

Sensitivity is unknown 

Ultegra RFPA** Easy 

Fast 

Semiautomatic 

It has relationship with 

clinical events 

Sensitivity is unknown 

Specificity unknown 

* PFA: platelet function analyzer. 

** RPFA: Rapid platelet function analyzer. 
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3.3. The Causes of ASA Resistance 
 

The possible mechanisms of aspirin resistance are expressed in Table 1. 

The classification of ASA resistance is explained by Weber et al. but the 

clinical classification and usefulness are not yet proven [8]. 

 

3.3.1. Weak Compliance with Medication 

Weak compliance is an important factor that influences ASA resistance. 

The studies show that weak compliance is present in 40% of ASA users [27, 

28]. In the case of weak compliance, clinical and laboratory resistance are 

inevitable. 

 

3.3.2. Dose of ASA 

Laboratory studies have shown that ASA can inhibit COX-1 effectively 

even with doses as low as 30 mg/day [19-22, 29]. Another study reported that 

with doses of ASA varying between 75 and 1300 mg/day, the effect of ASA 

does not change, but side effects such as gastrointestinal hemorrhage increase 

[12, 30, 31]. If the ASA dose is increased from 100 mg/day to 300 mg/day, the 

laboratory results change, but the clinical outcome does not [29, 32-35]. 

 

3.3.3. Intestinal Absorption and Metabolism of ASA 

ASA absorption starts in the stomach because of its weak acidic features, 

thus soluble ASA reaches its peak effect within 30 to 40 minutes, but enteric 

coated aspirin reaches its peak effect in 3 to 4 hours. ASA is hydrolyzed into 

salicylic acid, which is its inactive form due to the effect of numerous mucosal 

esterases [36, 37]. The use of proton pump inhibitors (PPI) can increase the 

amount of mucosal esterase, thus enteral active ASA absorption can be 

decreased. The decreased effect of low doses of ASA can also be explained by 

this mechanism. 

 

3.3.4. Metabolism in Portal Circulation 

Absorbed ASA is hydrolyzed into inactive salicylic acid in the 

erythrocytes and liver cells, thus the effect of aspirin is seen in the pre-

systemic circulation, and it has no effect in the systemic circulation. The 

plasma half-life is fifteen minutes. 

 

3.3.5. The Binding of ASA to COX-1 

Many of the non-steroidal anti-inflammatory drugs (NSAIDs) decrease the 

effect of ASA by blocking the binding of ASA to COX-1 [38, 39]. This 
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mechanism is explained in an observational study investigating the mortality 

of patients using ASA [40]. However, this mechanism has not yet been 

clarified.  

 

3.3.6. Sources of Thromboxane A2 Other Than from Platelets 

Arachidonic acid turns into thromboxane A2 in the monocytes and 

macrophages by thromboxane synthase with COX-2 [14-16, 18]. The effect of 

COX-2 is particularly increased in patients with atherosclerosis. The other 

mechanism is irrelevant with COX being produced by F2-isoprostans 

synthesized by free oxygen radicals produced by the lipid peroxidation of 

arachidonic acid [13, 41, 42]. Isoprostans increase with smoking, and 

hyperlipidemia also plays a role in ASA resistance [42, 43]. So, this 

circumstance could be seen as a relationship between vascular events, 

increased platelet factors and increased risk factors. 

 

3.3.7. Other Pathways of Platelet Activation 

The platelets can only be activated by thromboxane A2. The collagen 

(Ia/IIa) bound to glycoprotein receptors, the von Willebrand factor (Ib/V/IX), 

ADP, thrombin, epinephrine and the stretch stress on platelets also play a role 

in this activation [9-11]. In-vitro studies show the response of platelets to ADP 

and collagen in cases of ASA resistance; this response becomes more powerful 

in the presence of F2-isoprostans [13, 41, 44, 45]. 

 

3.3.8. Increased Platelet Cycle 

In cases of coronary artery bypass graft (CABG) surgery, infection and 

inflammation from the platelet cycle are accelerated, so daily use of ASA, 

which has a short half-life, is incapable of inhibiting the newly produced 

COX-1 enzyme due to the accelerated platelet cycle [46]. 

 

3.3.9. Genetic Polymorphism 

When a single-nucleotide polymorphism affects COX-1, COX-2 and other 

platelet genes, the antiplatelet effect of ASA changes [47-51]. Although there 

are hundreds of single-nucleotide polymorphisms, the effects are not yet 

known [52, 53]. One-third of the genes causing ASA resistance are detected by 

laboratory studies [49]. The gene most investigated in this context is P2Y1, 

which is the gene for the ADP receptor; in a case where there is any mutation 

on this gene, the ADP signal ability changes and the response of the 

thrombocytes to ASA can be decreased [50, 54, 55]. 
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3.3.10. Tachyphylaxis 

Tachyphylaxis is the loss of the effect of ASA due to long term use. In the 

beginning, ASA will regularly affect COX-1, but after months or years it loses 

this ability [56, 57]. The exact mechanism is not known, but we know that the 

atherosclerotic plaques are enlarged and that patient compliance decreases 

with time. 

 

 

3.4. Diagnostic Methods for ASA Resistance 
 

3.4.1. To Measure the Platelet Functions Dependent on Thromboxane 

 

3.4.1.1. Light and Optic Transmission Aggregometer 

The principle behind this technique is the increase of light passing through 

a suspension due to platelet aggregation under the influence of an agonist such 

as thromboxane A2, ADP or collagen. It is the gold standard method for 

measuring the antiplatelet effect of ASA; at the same time it is used to 

determine platelet functions. Arachidonic acid is more useful than the other 

agonists in measuring the effect of ASA because ADP and collagen have their 

effects on platelet aggregation over pathways that are less thromboxane 

production dependent. 

 

3.4.1.2. Impedance Aggregometer 

The principle here is to measure the aggregation response to platelet 

agonists by measuring the electrical impedance between two electrodes. The 

method is very similar to the light and optic transmission aggregometer, but 

the main advantage is that whole blood can be used rather than a platelet 

suspension, thereby making it is easier to use. Additionally, it can be used in 

thrombocytopenic patients. 

 

3.4.1.3. Limitations of Light or Optic Transmission and  

Impedance Aggregometers 

Results from both these methods can change according to age, gender, 

race and hematocrit level [13]. Furthermore, accuracy and repeatability are 

controversial. These are not standardized methods; the results can differ 

between laboratories. 
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3.4.1.4. Platelet Function Analyzer (PFA-100) 

The principle behind this method is to measure bleeding time. An artificial 

reservoir is formed to represent a vessel. The material is put into this reservoir. 

The kit in the center includes collagen and ADP, or collagen and epinephrine. 

The kit moves as if in a vessel and is exposed to negative pressure to imitate 

the circulation. The artificial vessel is occluded in time and this time is 

recorded. The PFA-100 method changes according to the erythrocyte, platelet 

function, platelet amount and plasma von Willebrand factor levels [3]. 

However, some studies report that PFA-100 and light or optic aggregation do 

not reflect the clinical status of the patient [58]. 

 

3.4.1.5. Ultegra RPFA-ASA (Accumetrics, San Diego, CA, ABD) 

The method can be applied at the bedside. Balls covered with fibrinogen 

are stimulated with arachidonic acid and agglutination is measured. If the ASA 

has achieved the desired antiplatelet effect, the fibrinogen coated balls do not 

undergo agglutination and light transmission does not increase. This result is 

called the ASA response unit. 

The limitation of this test is as follows: after a single 325 mg dose of 

ASA, the test gives a result similar to the light and optic aggregation method 

as a result of the aggregation of platelets due to epinephrine [59, 60]. 

Another method used is the Adrenalin Dependent Platelet Aggregation. 

This is a sensitive method but it is not specific and its suitability for patients 

who use low doses of ASA is not known. 

There are other methods used for measuring ASA resistance, but the 

studies are inadequate. The light or optic aggregation method is still the gold 

standard method, as the other methods have not yet been correlated [61]. This 

means that the laboratory diagnosis of ASA resistance changes according to 

the method used. 

 

 

3.5. The Relationship between ASA and Clinical Status 
 

The first clinical survey investigating ASA resistance was performed in 

1993 and included 181 stroke survivor patients who used 500 mg of ASA 

three times a day. Their platelet functions were measured and 60 of the 

patients were defined as ASA resistant. After two years of follow up, 40% of 

the ASA resistant patients but only 4.4% of the other patients had been faced 

with a severe vascular event [2]. 
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As a part of the HOPE Study (Heart Outcomes Prevention Evaluation) 

which was carried out in 2002, ASA treatment was applied at a dose of  

75-325 mg/day to 976 patients with a high vascular risk and the 11-

dehydrothromboxane B2 level was measured in their urine. After an average 

4.5 years of follow up, there was a strong relationship between vascular events 

and 11-dehydrothromboxane B2 level. This correlation was not classified 

according to categories and also shows a linear raise in blood cholesterol 

levels [3]. 

 

 

3.6. Treatment for ASA Resistance 
 

The main principle of treatment for ASA resistance is to determine the 

exact mechanism of the resistance. Other non-thrombotic causes such as 

infective endocarditis and vasculitis have to be diagnosed and treated 

regularly. At the same time, ASA does not prevent every ischemic event [62]. 

Medication that can interact with ASA has to be avoided and it is essential that 

patients give up smoking. Additionally, the dose adjustment has to be specific 

for the patient. However, even if all these factors are attended to, the treatment 

can still be unsuccessful [46].  

In a case of ASA resistance, we are able to change the antiplatelet 

treatment, but resistance to other anti-platelet treatments are reported by some 

studies [63, 64]. This makes the antiplatelet treatment more complicated. 

ASA resistance can change over time. The blood cholesterol level and 

blood pressure can both influence the action mechanism of ASA even when 

the absorption of ASA is normal. In time, the ASA resistance level can 

change, so ASA resistance has to be measured repeatedly in studies evaluating 

ASA resistance rather than relying on a single measurement [3-6, 8, 13, 23]. 

 

 

FURTHER STUDIES 
 

We need to develop valid, specific, fast, cheap and repeatable methods for 

measuring platelet function. The patient population must be as large as 

possible and multicenter studies should be performed for more accurate 

results. The race, gender, age, co-morbid diseases, smoking habits, patient 

compliance, other medications and blood laboratory test results all have to be 

included as potential mediating factors in further studies. Other factors 

unrelated to platelets such as genetic polymorphism need to be evaluated. 
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Early detection of a mechanism of genetic resistance can potentially prevent 

severe vascular events. 

In conclusion, ASA resistance has many complicated aspects that need to 

be clarified. It is to be hoped that new technologies and further research will 

provide us with more useful results. 
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ABSTRACT 
 

It is well known that plant polyphenols inhibit the development of 

cardiovascular diseases. However, the effect of chlorogenic acid (CGA), 

one of the major polyphenol constituents of coffee beans, on the disease 

is yet to be elucidated. This article reviews the effect of CGA on 

myocardial diseases. Firstly, we reviewed the effects of CGA on human 

cardiovascular diseases. Several studies indicated that CGA might 

decrease the clinical risk of cardiovascular diseases via anti-hypertensive 

and anti-endothelial dysfunction. Next, we demonstrated that CGA could 

improve pathological remodeling through the suppression of myocardial 

cell infiltration and fibrosis in animal models. Our findings and previous 
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data suggest that the CGA treatment may have beneficial effects on the 

progression of myocardial diseases. 

 

Keywords: coffee extract, polyphenol, heart, inflammation 

 

 

1. INTRODUCTION 
 

Chlorogenic acid (CGA), a major polyphenol constituent of coffee beans, 

is a potent anti-oxidant and anti-inflammatory substance [1, 2]. These effects 

are induced by the suppression of inflammatory factors, including nuclear 

factor-kappa B (NF-κB) [3, 4]. Resent data has also indicated that CGA 

inhibits interleukin (IL)-1β and tumor necrosis factor (TNF)-α production in 

animals with rheumatoid arthritis [5]. However, the effect of CGA on 

myocardial disease is yet to be elucidated. Therefore, this article reviews the 

effect of CGA on myocardial disease. 

 

 

2. THE EFFECTS OF CGA ON CARDIOVASCULAR 

DISEASES IN CLINICAL STUDIES 
 

European studies showed that moderate coffee drinking reduced 

cardiovascular risk by 31% relative to no consumption. However, over 

consumption of coffee significantly increased the risk [6]. A similar J-curve 

was also observed in a Finnish study [7]. A study of over 40,000 post-

menopausal US women showed the hazard ratio of death attributed to 

cardiovascular diseases was 0.76 for consumption of 1-3 cups/day, 0.81 for 4-

5 cups/day, and 0.87 for ≥6 cups/day [8]. Thus, moderate consumption of 

coffee may inhibit inflammation and reduce the risk of cardiovascular and 

other inflammatory diseases.  

Few clinical studies of CGA’s influence on cardiovascular diseases have 

been performed. A study showed that the CGA significantly lowered systolic 

and diastolic blood pressure compared with the placebo group [9]. 

Normotensive subjects with reduced vasoreactivity were also administered 

with CGA. There was a significant decrease in plasma homocysteine 

compared with the baseline value for the CGA group [10]. These results 

indicate that CGA may decrease the risk of cardiovascular diseases.  
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3. THE EFFECTS OF CGA ON CARDIOVASCULAR 

DISEASES IN ANIMAL STUDIES 
 

A study showed the effect of CGA on spontaneously hypertensive rats. A 

single ingestion of CGA reduced blood pressure in the rats, an effect that  

was blocked by administration of a nitric oxide synthase inhibitor. When 

spontaneously hypertensive rats were fed diets containing 0.5% CGA for 8 

weeks, the development of hypertension was inhibited compared with the 

control diet group. Dietary CGA also reduced oxidative stress and improved 

nitric oxide bioavailability by inhibiting excessive production of reactive 

oxygen species in the vasculature, and led to the attenuation of endothelial 

dysfunction [11]. At a more relevant dose, CGA given to mice at 10 mg/kg 

activated calcineurin and enhanced macrophage functions in normal mice, a 

possible cardiac benefit [12].  

 

 

4. CGA ON MYOCARDIAL INFARCTION 
 

The mortality rate in patients with coronary arterial disease, including 

myocardial infarction (MI), is high [13]. Myocardial necrosis and ventricular 

remodeling after MI lead to arrhythmia, cardiac rupture and heart  

failure. Many studies showed that macrophage related inflammatory response 

increased myocardial necrosis [14, 15]. These inflammatory responses lead to 

an increase of fibroblasts and collagen synthesis [16-19]. To test the 

hypothesis that CGA can attenuate chronic ventricular remodeling after 

myocardial ischemia, we performed oral administration of CGA into murine 

myocardial ischemia models. The MI model was produced by permanent 

ligation of the left anterior descending coronary artery using an 8-0 suture 

passed under the arteries. Some MI mice were supplemented orally with CGA 

(30mg/kg/day, MI + CGA group) as a CGA-treated MI group, and other MI 

mice received vehicle (MI + vehicle group) as a vehicle-treated MI group. 

Sham-operated mice without MI also received vehicle (Sham + vehicle  

group) as a sham group, and sham-operated mice without MI received CGA 

(30mg/kg/day, Sham + CGA group, n = 8) as a Sham + CGA group. Just 

before sacrifice on day 14, we measured blood pressure, heart rate, and 

echocardiogram. We revealed the vehicle-treated MI group showed 

significantly impaired left ventricular contraction compared to the sham-

operated group. However, the CGA-treated MI group showed significantly 
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improved ventricular contraction compared to the vehicle-treated MI group. 

Severe myocardial fibrosis with enhanced macrophage infiltration was 

observed in the vehicle-treated ischemia group. CGA attenuated these fibrotic 

changes with suppressed macrophage infiltration without systemic adverse 

effects. We concluded that CGA might effectively suppress chronic ventricular 

remodeling after myocardial ischemia because it is critically involved in the 

suppression of macrophage infiltration [20].  

 

 

5. CGA ON MYOCARDITIS 
 

Myocarditis is another serious myocardial disease. Patients with 

myocarditis in its severest form may suffer from rapidly progressive  

heart failure, shock, or arrhythmia [21-26]. In patients with myocarditis, 

autoimmune disease is considered to be responsible for the pathogenesis [27-

29]. Autoimmune myocarditis can be induced in mice or rats by immunization 

with cardiac myosin [27, 28, 30]. This model revealed that reactive oxygen 

species (ROS) and inflammation are key modulators of myocarditis [28, 31, 

32].  

A cell adhesion glycoprotein molecule, intercellular adhesion molecule 

(ICAM)-1 revealed upregulation of ligand expression by inflammatory 

cytokines as an important switch to initiate adhesion [33]. It has shown that 

ICAM-1 associates pathological process of myocarditis [34, 35]. It was 

reported that ICAM-1 in myocardial cells plays a critical role in the acute  

viral myocarditis that investigated using ICAM-1 neutralizing antibody [34]. 

Resent data also revealed that ICAM-1 is expressed by inflammation and ROS 

[36, 37]. Therefore, it suggests that ICAM-1 is required for the onset of 

myocarditis. To investigate the effect of CGA on myocarditis, we used a 

murine model of experimental autoimmune myocarditis (EAM). Balb/c mice 

were immunized with cardiac myosin peptides and complete Freund’s 

adjuvant. CGA or vehicle (Cont) was administered orally from day 0 to day 21 

(n = 6 and 7, respectively) and the animals were sacrificed on day 21. CGA 

significantly suppressed ICAM-1 expression in the EAM hearts. The 

suppressed ICAM-1 tended to reduce myocardial fibrosis compared to control 

EAM hearts. The findings suggest CGA influences inhibition of cell adhesion 

in myocarditis, and may have beneficial effects on the progression of 

myocarditis [38]. 
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CONCLUSION 
 

Our findings and previous data suggest that the CGA treatment may have 

beneficial effects on the progression of myocardial diseases. 
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ABSTRACT 
 

Gut microbiota represents an important part in food digestion, 

immunity, metabolism and gene expression as well. It consists of about 

1014 bacterial cells represented by more than 400 species that can affect 

its host in many ways. Qualitative and quantitative composition of 

microbiota can be influenced by many factors such stress, age, antibiotic 

therapy or diet. The last mentioned factor is a study subject of many 

researchers nowadays. Many studies have pointed out that diet based on 

vegetables such vegan diet shift human gut microbiota to higher 

prevalence of beneficial bacteria and consequently to healthier lifestyle. 

In our research we have studied qualitative and quantitative composition 

of cultivable bacterial genera in stool of 240 healthy volunteers  

aged between 20 and 60 differ in diet. More than half (136) belongs  

to vegetarians divided to semi vegetarians (pullo and pesco), lacto 
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vegetarians, lacto-ovo vegetarians and vegans. No significant differences 

were found between meat-eaters and vegetarians. On the other hand, 

lacto-, vegans had lower number of almost all studied bacterial genera. 

We have also focused on presence of potential mutagenic compounds in 

stool. Percentage of stools positive on potential mutagenic compounds 

was almost same in both groups. However, obesity is also linked to shifts 

in microbial composition, obese and lean subjects were also studied. 

Obese subjects have only slightly increased staphylococci. Furthermore, 

we have observed more differences between underweight and lean 

subjects. 

 

Keywords: microbiota, vegetarians, obesity, diet 

 

 

INTRODUCTION 
 

Human intestinal microbiota is crucial for its host to perform many 

functions for proper physiology and metabolism. Many mutual beneficial and 

cooperative interactions between human gut microbes and its host have been 

observed. As microbial activity affects human functions especially digestion in 

many ways, gut microbiota is sometimes considered as a virtual organ  

(O´Hara and Shanahan, 2006). A Large spectrum of bacteriostatically and 

microbicidally acting substances are produced by intestinal microorganisms 

whereby forms microbial barrier against implantation and augmentation of 

pathogenic and potential pathogenic organisms (Zimmer et al., 2012). Beside 

this so called “colonisation resistance,” microbiota also affects homeostasis, 

function of, immune system or digestion (Browne et al., 2016). On the other 

hand, many factors such age (Saraswati and Sitaraman, 2015), antibiotic 

therapy (Panda et al., 2014), stress (Bailey et al., 2011) or diet (Zimmer et al., 

2012) might influence composition of intestinal microbiota and thereby the 

whole physiology or development of pathological processes in individuals. 

Among these factors, diet is a major factor influencing the composition and 

metabolism of the colonic microbiota. Diet can highly impact the gut 

environment, including gut transit time and pH; and changing the intake of the 

three main macronutrients (carbohydrates, proteins and fats) can significantly 

affect the composition of the microbiota (Scott et al., 2013). Intestinal  

bacteria also produce enzymes ubiquitous for degradation of the structural 

polysaccharides found in dietary plant material and relies on the colonic 

microbiota for efficient degradation of recalcitrant plant cell walls. The main 

forms of carbohydrates available to bacteria in the colon include resistant 
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starch, non-starch polysaccharides and oligosaccharides. These compounds are 

fermented by specialized bacteria such Ruminococcus sp. resulted in 

production of short chain fatty acids which affect host metabolism and 

immunity (Scott et al., 2013). During past decades, vegetarian diet has 

increased its popularity as a healthy and potentially therapeutic dietary choice 

(Craig, 2009). Generally vegetarian diet is linked with many health benefits, 

such improving insulin resistance, lowering diabetes or cardiometabolic 

disease risk, hypertension or some cancers (Glick-Bauer and Ming-Chin, 

2014). Some studies pointed out linkage between dietary patterns and gut 

microbiota profiles. Wu et al. (2011) proposed 2 enterotypes associated  

with diet; the enterotype with dominancy of Bacteroides associated with high 

fat and animal protein diet and Prevotella enterotype linked with carbohydrate 

and vegetarian diet. Western diet is also characterized by predominance of 

Bacteroides enterotype and greater abundance of gram-positive bacteria, 

mainly Firmicutes. On the other hand, both Bacteroides and Prevotella are 

characterized as polysacharide-degrading bacteria (Kim et al., 2013). Thus the 

associations between diet and microbiota composition may vary depending on 

whether researchers are conducting global assessments of gut microbiota or 

seeking greater taxonomic detail through DNA sequencing (Glick-Bauer  

and Ming-Chin, 2014). Some other beneficial bacterium Faecalibacterium 

prausnitzii was detected in higher ratio in vegans. This bacterium belongs to 

butyrate producer in the class Clostridia (Firmicutes) and display anti-

inflammatory effect and protective role for colonocytes (Kim et al., 2013). 

Intestinal microbial composition of meat-eaters used to be enriched in 

Bifidobacterium, Peptococcus and Lactobacillus compared to vegans (Reddy 

et al., 1975; van Fassen et al., 1987). These bacteria are able to de novo 

synthesize and supply some B-group vitamins. From this point of view, some 

studies pointed out deficiency of B12 in vegans, leading to anaemia (Refsum 

et al., 2001; Allen and Stabler, 2008).  

It is suggested that the gut microbiota play an important role in the 

regulation of energy balance and weight in animals and humans and may 

influence the development and progression of obesity (DiBaise et al., 2012). 

The role of the Western diet in promoting an obesogenic gut microbiota is 

being confirmed in subjects (Musso et al., 2010). Obesity has been linked to 

decreased prevalence of Bacteroidetes, and increased in Firmicutes and 

Actinobacteria. Study performed on mouse model with a humanized gut 

microbiome indicated rapid shift (only one day) in microbial composition after 

switching from a low-fat, plant polysaccharide-rich diet to a high-fat, high-

sugar Western diet (Turnbaugh et al., 2009). These rapid changes in gut 
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microbiota induced by short-term alterations in nutrient load were observed 

only in lean, but not in obese humans (DiBaise et al., 2012). 

In this study, we have compared qualitative and quantitative composition 

of gut microbiota in healthy individuals divided according to diet. At first we 

were interested in differences between vegetarians and meat-eaters, but we 

have also focused on the effect of obesity on the composition and shifts in 

intestinal microbiota. The fact is that altered diet can affect metabolic activity 

of gut microbiota, but we have also examined the prevalence of cases with 

potential mutagenic activity.  

 

 

MATERIAL AND METHODS 
 

Study Design and Subjects 
 

Healthy human subjects were recruited in Bratislava (Slovakia) and its 

surrounding area. All 136 volunteers were born and raised in Slovakia. 104 

volunteers with common diet (meat-eaters). Group of vegetarians consisted  

of 40 vegans, 60 lacto-ovo-vegetarians and 36 semi-vegetarians with the 

distribution of BMI >16. (Table 3) According to the dietary questionnaires the 

daily dietary fibre intake of vegetarians was higher than that in group of meat 

eaters. Admission of vitamins, minerals and trace elements by subjects was 

only in natural form (no supplements). Age of all subjects ranged from 20 to 

60 years. 

Lacto-ovo-vegetarians did not consume meat in any form, but ate animal 

products such as milk, cheese and eggs. A vegan diet was considered for those 

who did not consume animal products. Semi-vegetarians have stated that they 

consume animal products and also poultry and fish meat. The omnivorous 

consumed all type of meat (pork, red meat, poultry and fish) minimal 5 times a 

week. All volunteers were healthy, and had not undergone antibiotic or other 

medical therapy in last 6 months. Faecal samples were collected from April to 

May. 

 

 

Sample Collection and Microbiological Analysis 
 

Fresh faecal samples were collected and transferred to the laboratory in 

sterile collection tubes. Colon microbiota was assayed by culture method on 

selective diagnostic media according to Mitsuoka and Hayakawa (1972). Fresh 
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faecal samples were weight (1g), suspended in 10 ml BHI (Brain Heart 

Infusion) medium and series of 10-fold dilutions (10-1 to 10-8) was prepared. 

For total anaerobes and aerobes determination, 2 nonselective growth media 

were used: modified medium 10 (M10) for anaerobes, Trypticase soy (TS) 

agar (Biolife Italiana srl., Milan, Italy) for aerobes. Moreover 16 selective 

growth media such as yeast extract glucose chloramphenicol (YGC) agar 

(OXOID Deutschland GmBH., Wesel, Germany) for yeasts and fungi, 

neomycin-brilliant green-taurocholate-blood (NBGT) growth media for 

Bacteroidetes, neomycin-Nagler (NN) growth media for lecithinase-positive 

clostridia, modified veilonella selective (VS) growth media for Veilonellae 

spp., eosin methylene blue (EMB) agar (Biolife Italiana srl.), laurylsuphate 

with MUG (LS MUG) agar (Biolife Italiana srl.) and violet red bile lactose 

(VRBL) growth media (Biolife Italiana srl.) for Enterobacteriaceae, xylose 

lysine deoxycholate (XLD) growth media (Biolife Italiana srl.) for Salmonella 

spp detection., Baird-Parker (BP) growth media (Biolife Italiana srl.) for 

Staphylococcus aureus, 110 medium (110) growth media (Biolife Italiana srl.) 

for total staphylococci, Slanetz-Bratley (SB) growth media (Biolife Italiana 

srl.) for enterococci, PALCAM (PC) agar (Biolife Italiana srl.) for Listeria 

spp., thioglycollate (TG) agar (Biolife Italiana srl.) for clostridia Rogosa (RG), 

microinoculum (MI) MRS growth media (Biolife Italiana srl.) for lactobacilli 

and bifidobacteria). Growth media for anaerobic cultivation M10, NN, VS, 

NBGT were prepared in laboratory according Mitsuoka and Hayakawa (1972). 

For determination of anaerobes NN, RG, NBGT, TG for 2 days and M10, VS 

growth media were cultivated in anaerobic chamber (Bactron I, Sheldon 

Manufacturing, Inc., Cornelius, Oregon, USA) for 4 days at 37°C. Agar plates 

containing growth media TS, BP, EMB, LS, VRBL, XLD were cultivated 

aerobically at 37°C for 24h and PC, 110 for 48h. SB plates were cultivated 

aerobically at 45°C for 48h and YGC at 25°C for 5 days.  

 

 

Assessment of Potential Mutagenicity 
 

Ames incorporation method was used for detection of potential mutagens 

in faecal samples. Potential mutagenic activity was performed using Ames test 

without metabolic activation using Salmonella Typhimurium TA 98 (CCM 

3811) and TA 100 (CCM 3812) (obtained from Czech Collection of 

Microorganisms, Masaryk University, Brno, Czech Republic). Briefly, 1g of 

fresh faecal samples was suspended in 10 ml BHI medium and sterilized 

through filtration (0.22 µm membranes, GH Polypro, VWR, Wien, Austria). 
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Filtrated sample was applied in Ames test. Positive response was defined as a 

reproducible, two-fold increase of Salmonella revertants compared to 

spontaneous revertants. As a positive mutagen 3-(5-nitro-2furyl) acrylic acid 

(NFAA, Slovakofarma, Hlohovec, Slovakia) was used. The results from Ames 

test represent the mean of three separate experiments, which were statistically 

evaluated using Student´s t-test.  

 

 

RESULTS AND DISCUSSION 
 

Differences in Gut Microbiota Composition According to 

Vegetable Diet 
 

Connection between plant diet and gut microbiota composition have been 

shown by many studies (vanFassen et al., 1987; Zimmer et al., 2012; DiBaise 

et al., 2012), but this phenomena is still not fully understood. In our study we 

have compared faecal microbiota of randomly chosen 240 healthy subjects. 

According to the diet habits, 104 volunteers belonged to meat-eaters and 136 

were vegetarians (vegans, lacto and lacto-ovo-vegetarians, semi-vegetarians). 

Table 1 shows differences in quantitative composition of faecal microbiota 

between different groups of vegetarians and people with conventional middle -

east European diet (all types of meat more than 4 times a week, balanced diet). 

It is evident that the count of total aerobes and anaerobes was decreased in 

vegan samples though standard error was too high because of high 

discrepancies in this group. Lower bacterial rate could also be caused by high 

admission of indigestible dietary fibre by vegans and it is possible that it 

captures and takeaway the colon microbiota bacteria. In samples of vegans we 

have observed lower number of total clostridia. This findings correlate with 

data found by Liszt et al., (2009). This study found out that vegetarian diet 

affects intestinal microbiota predominantly by decreasing of clostridia. Beside 

clostridia in this group we have detected lower number of Veilonella spp., and 

no staphylococci compared to other studied groups (Table 1). On the other 

hand, vegans and semi-vegetarians obtained higher number of Listeria spp. 

and Bacteroidetes. Although we have identified only class and not genus, our 

results are not in accordance with conclusions of some other studies (Wu  

et al., 2011; Ruengsomwong et al., 2014) wherein Prevotella enterotype has 

dominated in vegan group. From Table 1 is evident that no significant 

differences in count of studied bacteria were observed between lacto-ovo-

vegetarians, semi-vegetarians and meat-eaters. This could be also caused by 
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fact, that we have applied only conventional cultivation method for detection 

of bacterial classes and not genus nor strains. On the other hand, in our 

previous study (Šakova et al., 2015) we have shown that subjects with same 

qualitative and quantitative profile of cultivable bacteria differs in separation 

patterns for different microbial populations obtained after DGGE analysis. 

Even the culturing dependent technique for evaluation of gut microbiota was 

considered as inadequate, the most recent study with a complete novel 

workflow observed a strong correlation between uncultured and culture 

dependent approaches at the species level. The results of Browne et al., (2016) 

demonstrate that a considerable proportion of the bacteria within the faecal 

microbiota can be cultured even if using only one complex growth medium. 

Studies that evaluated the composition of gut microbiota using cultivation 

dependent and independent methods showed that the most predominant 

microorganisms are sporulating bacteria (Clostridium cluster XIVa and 

Clostridium cluster IV) (Browne et al., 2016). 

 

Table 1. Quantitative analyses on faecal flora (log10 CFU/g stool) 

according diet after cultivation of faecal samples on selected diagnostic 

growth media 

 

Bacteria vegans Lacto-ovo- 

vegetarians 

Semi- 

vegetarians 

Meat-eaters 

Total aerobes 5.80 ± 3.07 8.24 ± 0.26 8.91 ± 0.25 8.36 ± 0.17 

Total anaerobes 5.25 ± 2.78 8.21 ± 0.30 9.09 ± 0.22 8.41 ± 0.17 

Bacteroidetes 5.51 ± 0.35 3.46 ± 0.26 3.46 ± 0.46 3.20 ± 0.22 

Lactic acid bacteria 5.83 ± 1.42 5.61 ± 0.31 6.00 ± 0.24 6.17 ± 0.21 

Total clostridia. 5.86 ± 3.06 8.55 ± 0.26 8.35 ± 0.46 8.63 ± 0.14 

Lecithinase positive 

Clostridium spp. 

1.80 ± 0.8 0.80 ± 0.24 1.19 ± 0.38 1.32 ± 0.21 

Enterobacteriaceae 6.78 ± 0.97 7.32 ± 0.24 7. 58 ± 0.30 7.48 ± 0.16 

Enterococcus spp. 7.26 ± 1.23 6.69 ± 0.35 7.40 ± 0.28 6.63 ± 0.18 

Staphylococcus spp. 4.70 ± 0.12 4.19 ± 0.39 5.44 ± 0.34 5.88 ± 0.29 

Staphylococcus aureus ND 0.97 ± 0.24 0.97 ± 0.32 1.06 ± 0.19 

Listeria spp. 4.78 ± 0.31 2.90 ± 0.33 4.24 ± 0.43 2.64 ± 0.24 

Veilonella spp. 5.88 ± 0.11 7.16 ± 0.31 6.91 ± 0.27 7.15 ± 0. 23 

Yeasts and Fungi 3.65 ± 1.95 4.15 ± 0.21 3.75 ± 0.38 3.89 ± 0.18 

ND – not detected. 
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Potential Mutagenic Activity of Vegetarians  

and Meat-Eaters Stool 
 

Metabolic activity of gut bacteria leads to production of different 

substances such as short chain fatty acids or bacteriocins but it can also 

contribute to generation of carcinogenic metabolites and inflammation. For 

example, probiotic lactobacilli protect the gut environment against genotoxic 

and carcinogenic effects of heterocyclic aromatic amines (HA) originating 

from fried food, whereas some species of Bacteroidetes appear to contribute to 

the conversion of HA to DNA-reactive carcinogens (Kassie et al., 2004). For 

determination of potential mutagenic activity of stool samples, we have 

applied incorporation Ames test with two bacterial strains of Salmonella 

Typhimurium TA98 (for detection of point mutations) and TA100 (for 

detection of frameshift mutations). Table 2 shows the highest percentage of 

stools with potential mutagenic activity was observed in group of vegans. 

Mutagenic activity has been detected only in case of S. Typhimurium TA98. 

The ratio of potential mutagenic samples detected by both applied strains was 

equal in lacto-ovo-vegetarian samples. Almost 4% samples account positivity 

in Ames test with TA98 as well as with TA100. With the introduction of meat 

to diet, percentage of samples with positivity using TA100 has increased and 

with TA98 decreased. Also number of combined positivity has risen. As it has 

been correlated in our previous study (Šaková et al., 2015) presence of 

potentially mutagenic substances in the colon is related to the presence of 

particular bacteria of the genus Bacteroidetes and in minor range also 

lecithinase-positive clostridia. 

 

Table 2. Percentage of samples positive on potential mutagenic activity  

in Ames test 

 

Ames strain Vegans Lacto-ovo-

vegetarians 

Semi-

vegetarians 

Meat-

eaters 

TA98 (point mutation) 33.3% 21.15% 8.6% 14.4% 

TA100  

(frameshift mutation) 

0% 21.15% 29.6% 26.9% 

TA98 + TA100  

(both mutation detected)  

0% 3.8% 6.1% 5.8% 
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Differences in Gut Microbiota Composition According  

to Obesity 
 

Although some studies show linkage between obesity and composition of 

intestinal microbiota we have also studied bacterial differences between 

groups divided according to subject’s body mass index (BMI). Table 3 shows 

number of studied bacterial classes in underweight (8 volunteers), lean (141 

volunteers), overweight (61 volunteers) and obese (30 volunteers) subjects. It 

is evident, that differences in counts were only moderate. Generally, the 

highest number of majority bacterial classes was observed in underweight 

group. Beside total aerobes, we have detected also the highest number of total 

clostridia, Enterobacteriaceae and staphylococci. Even though some studies 

imply (Musso et al., 2010) that reduction in Bacteroidetes for obese 

microbiome is typical, our data have shown no difference in number of these 

bacteria. Researchers also asign, that obese humans have higher abundance of 

Firmicutes such lactobacilli, clostridia or staphylococci (DiBaise et al., 2012).  

 

Table 3. Quantitative analyses on fecal flora (log10 CFU/g stool)  

according BMI after cultivation of fecal samples on selected diagnostic 

growth media 

 

 Underweight  

BMI ˂ 18.5 

Normal 

BMI 18.5-25 

Overweight 

BMI 25 - 30 

Moderately obese 

BMI 30 - 35 

Average BMI 17.20 ± 0.15 21.80 ± 0.15 27.30 ± 

0.18 

32.80 ± 0.65 

Total aerobes 7.08 ± 0.93 6.37 ± 0.14 6.01 ± 0.21 6.05 ± 0.29 

Total anaerobes 6.96 ± 0.85 6.43 ± 0.13 6.24 ± 0.22 6.09 ± 0.32 

Bacteroidetes 2.79 ± 0.63 2.16 ± 0.10 2.27 ± 0.17 2.60 ± 0.29 

Lactic acid bacteria 5.42 ± 0.25 5.17 ± 0.14 4.67 ± 0.23 5.01 ± 0.37 

Total clostridia 7.23 ± 0.94 6.65 ± 0.13 6.07 ± 0.21 5.82 ± 0.23 

Enterobacteriaceae 6.06 ± 0.54 5.74 ± 0.14 5.61 ± 0.22 5.26 ± 0.30 

Enterococcus spp. 4.70 ± 0.62 4.90 ± 0.14 4.45 ± 0.25 5.16 ± 0.44 

LP clostridia 0.32 ± 0.22 0.64 ± 0.09 0.47 ± 0.15 0.63 ± 0.19 

Listeria spp. 2.00 ± 0.66 1.47 ± 0.12 1.33 ± 0.18 1.51 ± 0.29 

Staphylococcus spp. 4.96 ± 0.86 3.35 ± 0.17 3.85 ± 0.38 4.22 ± 0.52 

Staphylococcus 

aureus 

0.50 ± 0.36 0.54 ± 0.09 0.50 ± 0.12 0.39 ± 0.16 

Veillonella spp. 5.43 ± 0.49 5.31 ± 0.16 5.17 ± 0.23 5.52 ± 0.44 

Yeasts and Fungi 2.13 ± 0.56 2.35 ± 0.11 2.29 ± 0.13 2.25 ± 0.30 
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Our results affirm only higher number of staphylococci, compared to lean 

subjects. On the other hand, we have observed higher number of staphylococci 

also in group of underweight volunteers. 

 

 

CONCLUSION 
 

Emerging evidence shows that diet plays an important role in abundance 

and composition of intestinal microbiota. This work represents comparison of 

faecal microbiota of people on predominantly plant diet and meat-eaters. Our 

results show lower counts of total cultivable aerobes and anaerobes as well as 

clostridia in vegans. Other differences were not significant. Majority of vegan 

stool samples were positive in Ames test using S. Typhimurium TA98 strain. 

With the introduction of meat in diet, percentage of these samples has 

decreased, but positivity was detected also with strain TA100. Obesity as 

consequence of high fat diet is also linked with the shifts in microbiota 

composition. Comparison of subjects according to BMI showed more 

differences between underweight and lean subjects than between obese and 

lean ones. On the base of these data it is evident that mile-east European diet 

have well balanced intake of meat and plant cell food matrices. 
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ABSTRACT 
 

Recent studies have challenged the paradigm that bacteria do not age 

and are immortal. Stewart et al. (PLoS Biology, 2005, 3(2), e45) provided 

an intriguing evidence that during division Escherichia coli K-12 exhibits 

functional asymmetry, leaving behind a mother cell with delayed growth 

and survival rate and a younger daughter cell, empowered to successfully 

perpetuate the species over time. In view of this new finding, bacteria, 

and in particular E. coli, emerged as a promising model for exploration of 

basic mechanisms of aging. It is not yet clear to what extent pro- and 

eukaryotic cells age similarly but at least some features of aging, 
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especially at the molecular level, should be common. Spontaneous 

chemical reactions including hydrolysis, oxidation and glycation (the 

Maillard reaction) are well known to deteriorate macromolecular 

structure and function. The Maillard reaction, yielding the so-called 

Advanced Glycation End Products (AGEs) on proteins, DNA and amino-

lipids, has been long associated with diseases (diabetes, Alzheimer’s and 

Parkinson’s diseases) and aging in humans. We have demonstrated that 

despite the short life span of E. coli of tens of minutes to hours, its 

chromosomal DNA accumulates AGEs under normal growth conditions 

(Mironova et al., Mol. Microbiol., 2005, 55(6), p1801). Such progressive 

modification of a key biological molecule provides an independent line of 

evidence for E. coli aging. This article reviews data on the Maillard 

reaction as a cause of stochastic damage in E. coli, and subsequently, of 

E. coli aging. 

 

Keywords: aging, Escherichia coli, Maillard reaction, glycation, AGEs 

 

 

INTRODUCTION 
 

“Aging” and “death” – everybody knows the meaning of these two words 

and scientific definitions can add little to that knowledge. What science is 

trying to do is to answer the questions “Why and how do we age and die” and 

“Is it possible to counteract these processes?” There is a plethora of aging 

hypotheses, and while some of them are contradicting, others are compatible 

and complimentary. Regarding the rather philosophic question “Why do we 

age?,” the evolutionary theory of aging is thought to provide the most relevant 

explanation. The “mutation accumulation” (Medawar, 1952), the “antagonistic 

pleiotropy” (Williams, 1957) and the “disposable soma” (Kirkwood, 1977, 

2005) are examples of hypotheses of aging that complement each other. 

Briefly, according to these hypotheses and in compliance with the Charles 

Darwin theory of evolution (Darwin, 1859), mutations, reproduction and 

natural selection are evolutionary tools elaborated to best adapt the life forms 

on our planet to dynamic changes. The life continuity among multicellular 

organisms is guaranteed by the clear discrimination between somatic and germ 

line cells. The mortal somatic cells (the soma) make up the most of the 

multicellular body, thereby guarding the remaining small portion represented 

by the germ cells. Only mutations in the germ cells can be passed on to the 

next generations and fixed. Mutations in the somatic cells are not under 

selection pressure and can accumulate in cells and tissues of adults thus 

contributing to aging and age-related diseases. Mutations that contribute also 



Advanced Glycation End Products in Escherichia Coli … 53 

to aging and death ensure generation continuity and may be the cost organisms 

have to pay in order to change and evolve (Saint-Ruf et al., 2014; Kram and 

Finkel, 2015). Experimental data reveal that the tradeoff against an extended 

lifespan is reproduction failure, as far as animals modified to live longer are 

often sterile (Friedman and Johnson, 1988; Leroi et al., 1994; Henderson and 

Johnson, 2001; Bartke and Chandrashekar, 2003). If we now extrapolate 

longevity to immortality this should result in an eternal life that does not 

reproduce and change. Such a static and uniform life does not fit in the 

dynamic abiotic picture of our planet and is obviously no more than a science 

fiction. 

Bacteria are single-celled organisms reproducing by binary fission and 

most of them do not show visible signs of differentiation between the two 

fission progeny. The intestinal bacterium Escherichia coli is well known to 

experience the so-called “conditional senescence” upon nutrient deprivation 

and starvation (Nyström, 1999, 2003). The more intriguing question, however, 

is “If there were no nutrient restriction (no starvation) and no invaders 

(phages, antibiotics) in the environment, would bacteria live forever? It is 

obvious that higher eukaryotes including humans do age and die despite no 

food limitation, and even more, life expectancy appears to be inversely related 

to the caloric intake (Colman et al., 2014). Does the same hold true for 

bacteria as well? One decade ago the answer to this question appeared 

negative. Bacteria, including E. coli reproducing via binary fission, resemble 

the immortal germ line cells of multicellular organisms and it was believed 

that they do not exhibit an instant (replicative) aging (Nyström, 2002).  

A prerequisite for replicative aging of unicellular organisms is the 

asymmetric division. An example of such a division mode is the lower 

eukaryote Saccharomyces cerevisiae, which reproduces by budding (Figure 

1A). The term “budding” refers to the fact that one of the fission products is 

smaller and appears to be the progeny (the daughter) cell of the bigger 

(mother) cell that behaves like a parent giving birth (budding) to the daughter 

cell. More than half a century ago, it became clear that the yeast mother cells 

undergo replicative aging and thereafter die (Barton, 1950; Mortimer and 

Johnston, 1959). Not all asymmetrically dividing single-celled organisms, 

however, demonstrate such a clear distinction between the two fission 

products. For example, the mother cell of the yeast Schizosaccharomyces 

pombe (Figure 1B) is visibly enlarged but the size difference between the two 

progeny cells is quite small for the process to be called “budding” (Barker and 

Walmsley, 1999). Тhe asymmetrically dividing Caulobacter crescentus 

(Figure 1C) was the first bacterium shown to exhibit features of replicative 
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aging (Ackermann et al., 2003). The asymmetric division tells us that even 

among unicellular organisms there are primary signs of differentiation and 

development. What is the difference between the two asymmetric products – 

the mother and the daughter? The yeast mother cell, for example, takes on 

itself most of the damaged cellular components (Nyström and Liu, 2014; 

Higuchi-Sanabria et al., 2014; Hill et al., 2016), and in that way, it resembles 

the mortal altruistic soma of multicellular species. The tradeoff is a juvenile 

daughter cell with enhanced odds of survival, which in turn becomes a mother, 

giving rise to the next generation. The asymmetric division is an evolutionary 

solution to avoid toxic chemical buildup. As John Baynes elaborated (Baynes, 

2000): “In the continuing struggle between chemistry and biology, chemistry 

is always the short-term, tactical winner – death of the individual is inevitable. 

However, barring the extinction of species, biology is the long-term, strategic 

victor – life survives, and the struggle continues.”  

 

 

Figure 1. Asymmetric division of unicellular organisms. (A) Saccharomyces 

cerevisiae; (B) Schizosaccharomyces pombe; (C) Caulobacter crescentus; M-mother 

cell; D-daughter cell. 

 

REPLICATIVE AGING OF E. COLI 
 

When observed under the microscope, E. coli appears to divide 

symmetrically by producing two identical daughter cells (Figure 2) and it has 

been accepted a priori that this bacterium is de facto immortal (Rose, 1991). 

In 2005, Stewart et al. challenged this notion by suggesting that there may be a 

functional asymmetry between the two seemingly equal daughter cells. The 

authors were motivated by the observation that some cellular components with 

relatively long half-life and small diffusion rate accumulate predominantly at 

one of the two poles of the new-born bacterial cell. This is invariably the pole 
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inherited from the parent cell away from the division septum, which becomes 

the new pole (Figure 2). Stewart et al. (2005) observed the division of 94 

single cells as they form colonies on flat surface in real time via fluorescence 

microscopy up to the ninth generation (nearly 500 progeny cells per colony). 

They were able to measure the cell size and the time each cell needed to divide 

and to calculate the growth rate of each individual cell. The basic conclusion 

was that in contrast to the stable growth rate of the new pole cells, that of the 

old pole cells progressively slows down, but neither the size of the new pole 

cell nor the time it needs to resume division are indicative of the presence  

of a juvenile phase in E. coli. In addition, the old pole cells produced less 

offspring biomass and deaths among them were more frequent. To explain 

these observations, the authors suggested that there should be a functional 

asymmetry between the two fission products due to differential turnover and 

preferable accumulation of some cellular components in the cell poles.  

 

Figure 2. Symmetric division of E. coli. There is no morphological difference between 

the two fission products. O – old pole; N - new pole. 

The finding of Stewart and co-workers was questioned by the study of 

Wang et al., (2010), who failed to find any difference in the growth rate 

between the old and new pole E. coli cells over hundreds of generations. Here, 

it is important to note that i) the experimental setup of the two studies differed 

significantly, and ii) while demonstrating robust E. coli growth over many 

generations, the study of Wang et al. (2010) did not argue against E. coli aging 

(Rang et al., 2011). Wang and colleagues used the so called “mother machine” 

representing a high-throughput microfluidic liquid-culture devise ensuring 

long-term delivery of fresh medium to each cell and measuring cell parameters 

such as length and generation time over hundreds of generations. Thus by 

observing more than 105 individual cells for 200 generations, the authors did 

not find any cumulative decrease in the growth rate of the old pole (mother) 
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cells as compared to that of the new pole (daughter) cells. The interpretation  

of this result was that there is no “built-in growth-based aging mechanism  

in E. coli.” 

Interesting observations came from the filamentation of the bacterial cells. 

The filamentation phenotype (enlarged cells) results from cell growth that is 

not followed by division. While the filamentation rate of the daughter cells 

remained constant over time (~ 1 filamentation per 100 generations), there was 

more than 10 fold increase in the filamentation rate of the mother cells with 

advancing replicative age. First filamentaions of the mother cells occurred 

after around 50 divisions while next filamentation intervals declined with time 

following a power law distribution, which points to a link between 

filamentation and aging, or more likely to common roots of these two 

phenomena. Because filamentation is a hallmark of the SOS response (global 

response to DNA damage), this means that the mother cells, inheriting the 

same old pole over many generations, switch on more often the SOS alarm 

perhaps due to DNA damage. This suggestion was confirmed by the increased 

mortality rate of an isogenic E. coli strain with blocked SOS response. 

Additionally, there was a correlation between the filamentation and death rates 

of the wild type strain with functional SOS response (compare Figures 3C and 

4B in the study of Wang et al., 2010). 

What is the cause of aging and death of individual cells in the otherwise 

expanding bacterial population? Wang et al. (2010) hypothesized that “the 

mother cell must inherit an unknown “factor” that serves as a long-term 

memory from one generation to the next and causes filamentation” and death. 

The unknown death-causing factor might be asymmetrically distributed 

aggregates in E. coli (Lindner et al., 2008; Winkler et al., 2010) and/or 

metabolic slowdown at the old pole cell wall (den Blaauwen et al., 2008). 

Reasonably, because of the high death rate, the authors excluded stochastic 

fluctuations in DNA damage or metabolism as a cause of the observed 

mortality of the wild type E. coli strain. However, accumulating (i.e., age-

dependent) DNA damage should not be excluded as a probable death-causing 

factor. We are tempted to speculate that the robust E. coli growth could be in 

part contributed by the diploid and tetraploid state of actively dividing E. coli 

(generation time ~ 20 minutes). Under such conditions, bacterial cells are less 

susceptible to DNA damage, which therefore can accumulate and become 

physiologically evident in aging cells at later growth stages.  

In the bacterial world, immortality would mean that each cell divides and 

never dies assuming that division is not death and excluding accidents 

(stochastic deaths, e.g., due to mutations). Is this the case for E. coli? In 
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natural habitats, E. coli rarely exhibits robust growth for long periods and 

“feast and famine” is its usual life style. Thus, the “mother machine” of Wang 

et al. (2010) provides an excellent model, showing what would happen if E. 

coli were permanently living in nutrient-rich and sterile environment. What we 

see is that under such conditions the bacterial population is continuously 

expanding at the expense of aging and death of individual cells. The bacterial 

population survives over time in the same way, in which higher organisms die 

but species continue to live. Thus, the study of Wang et al. (2010) helped 

debunk the myth of bacterial immortality. 

 

 

CONDITIONAL SENESCENCE OF E. COLI –  

THE FIVE PHASES OF BATCH GROWTH 
 

In the laboratory, E. coli is usually batch cultured and under such 

conditions its life cycle is composed of five phases as outlined by Finkel 

(2006) (Figure 3). When transferred to fresh LB medium at low density E. coli 

experiences a latent period (lag phase) of several hours, needed to adjust 

metabolically to the new environment before entering the active reproductive 

(exponential or logarithmic) phase. Among all growth phases, the exponential 

phase most closely resembles the robust growth in the study of Wang et al. 

(2010) given that fresh medium is continuously flowing through the culture. 

During this reproductive phase, E. coli divides rapidly (each ~20 min in rich 

media) over several hours. Using an optical trapping methodology, Ericsson et 

al. (2000) did not find evidence for the presence of dead cells among 

exponentially growing E. coli cells at 0.1% limit of detection. However, 

another study (Gallant and Palmer, 1979) reported that 0.5% of exponential E. 

coli cells failed to form colonies on solid agar. Considering that such mortality 

rate is much higher than spontaneous mutation rate (~10-7), it seems likely that 

during logarithmic phase in batch cultures, E. coli undergoes replicative aging 

and death in the same fashion as in the “mother machine” of Wang et al. 

(2010).  

After exponential growth, batch cultured E. coli enters a stationary phase 

characterized by no obvious increase or decrease in the total number of cells. 

This phase lasts 2 to 3 days, during which most cells steadily loose replicative 

capacity but remain intact for extended periods of time (Ericsson et al., 2000). 

Thereafter follows the onset of the fourth, death phase, ending up with 

vigorous decay of the bacterial population. In this phase, up to 99% of the cells 
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lyse and die, thereby releasing a large amount of cell debris. It is prodigious 

that even in the absence of nutrients life wins over death as far as a small 

fraction (1%) of E. coli cells survives at the expense of the dead siblings. In 

favor of the “disposable soma” hypothesis of aging (Kirkwood, 1977), this is 

the second example of an altruistic behavior of E. coli. In the “mother 

machine” of Wang et al. (2010), each one of hundreds to thousands mother 

cells dies, so that daughter cells can survive. In the death phase of batch-

cultured E. coli the self-sacrifice is even greater, because almost all cells die 

giving chance to the minor rest of cells to escape death and adapt to the new 

hostile environment.  

 

 

Figure 3. The five phases of E. coli growth in batch cultures. GASP – “Growth 

Advantage in Stationary Phase” phenotype. 

In the last growth phase called long-term stationary phase (LTSF), 

commencing in ca. one week old batch cultures, some survivors of the death 

phase acquire the so called “growth advantage in stationary phase” (GASP) 

phenotype (Zambrano and Kolter, 1996; Vulic and Kolter, 2001). GASP 

means that if such cells are mixed with younger cells (e.g., from 1 day old 

cultures) they will displace them after prolonged (7-10 days) co-culturing 

(Finkel, 2006). It is remarkable that such cells may retain viability up to 10 

years in liquid cultures without the addition of nutrients (Gagliardi et al., 

2016). GASP is not a physiological phenomenon but a genetically determined 

phenotype. High throughput proteomics and microarray studies as those 

published recently (Arunasri et al., 2014; Gagliardi et al., 2016) are expected 

to provide insight into the heterogeneous genetic nature of this intriguing 

phenotype. Common feature of all GASP mutants is their increased ability to 
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catabolize one or more amino acids as the only energy source (Zinser and 

Kolter, 1999, 2000, 2004; Zinser et al., 2003). Interestingly, among GASP 

mutations, there are mutations in the rpoS gene attenuating the expression  

of the stress response regulator RpoS (σs) in E. coli (Zambrano et al., 1993).  

In opposite, E. coli mutants in the rssB gene (promoting photolytic RpoS 

degradation) express a more stable RpoS and exhibit reduced mortality. 

However, such cells show reduced growth rate and fitness as compared to the 

wild type ancestor (Fontanie et al., 2008). This latter observation supports the 

“antagonistic pleiotropy” hypothesis of aging (Williams, 1957) claiming that 

there is a negative feedback between reproductive success and longevity. In 

the case with E. coli, the tradeoff against the decreased mortality is reduced 

growth rate and compromised adaptivity.  

 

 

AGING AT MOLECULAR LEVEL – THE GLYCATION 

HYPOTHESIS OF AGING 
 

Studies with E. coli provided firm evidence that explicit asymmetric 

division and juvenile phase are not mandatory for cellular aging and that the 

basic principles of aging have to be searched at molecular level. Now, we have 

to face those theories of aging that address the question “How do we age?” 

Fortunately, these theories are not mutually exclusive but rather converging to 

a finite number of aging mechanisms. The “genome maintenance” hypothesis 

of aging (Alexander, 1967; Karanjawala and Lieber, 2004), for example, 

coincides well with the “oxidative damage/free radical” (Harman, 1956) and 

the “Maillard reaction” (Cerami, 1986; Monnier, 1989) hypotheses of aging. 

According to the “genome maintenance” hypothesis, deterioration of DNA 

repair and accumulating DNA damage in somatic cells of multicellular 

organisms are crucial for aging. On the other side, the other two hypotheses 

point to some causes of DNA damage such as oxidation (“oxidative damage/ 

free radical” hypothesis) and glycation (the “Maillard reaction” hypothesis). In 

turn, from a chemical point of view oxidation and glycation are tightly 

interrelated molecular events often designated as glycoxidation. 

The Maillard reaction is named after the French chemist Louis Camille 

Maillard, who was first to show that glucose reacts with amino acids in vitro 

(Maillard, 1912). In the early stage of this reaction, the NH2-groups of primary 

amines react spontaneously (no catalysis) and reversibly with the carbonyl 

groups of glucose and other carbonyl compounds to form a Schiff base 
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(aldimine). Then, at neutral pH, the Schiff base undergoes an intramolecular 

rearrangement to a more stable Amadori product (ketoamine) (Hodge, 1955). 

In the late stage of the Maillard reaction, because of additional chemical 

transformations, the Amadori products give rise to the so-called Advanced 

Glycation End Products (AGEs) (Figure 4). 

 

 

Figure 4. The Maillard Reaction. 

AGEs are an extremely heterogeneous group of covalent adducts and the 

chemical structure of a number of AGEs has been identified so far (Nakayama 

et al., 1980; Pongor et al., 1984; Ahmed et al., 1986; Sell and Monnier, 1989; 

Ahmed and Thornalley, 2003; Thornalley et al., 2003; Thorpe and Baynes, 

2003; Lapolla et al., 2013). Some AGEs form intra- and intermolecular cross-

links and may cause covalent aggregation of affected macromolecules. Figure 

5 shows the chemical structure of some AGEs with cross-linking properties, 

promoting protein-protein interactions and aggregation. 

The term “Maillard Reaction Products” (MRPs) refers to both Amadori 

products and AGEs. Studies in the late 1960s showed that the Maillard 

reaction does take place in the human body as well, where it accounts for the 

formation of a glucose-derived Amadori product at the N-terminus of the 

hemoglobin -chain (Rabhar, 1968, 2005). Glycated hemoglobin (HbА1c) 

increases with aging of the red blood cells of healthy subjects and to a higher 

degree in erythrocytes of diabetic patients. Because of that, HbА1c is nowadays 

a routine hyperglycemic marker. In the mid of 1980s, it has been hypothesized 

that glycation plays an important role in the pathogenesis of diabetic 

complications and aging (Cerami, 1986; Monnier, 1989). Subsequently, this 

hypothesis found a lot of experimental support, and the link between 
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glycation, diabetes and aging has been hotly debated in many reviews 

(Brownlee, 1995; Thorpe and Baynes, 1996; Ulrich and Cerami, 2001; Nass et 

al., 2007; Hellwig and Henle, 2014; Sadowska-Bartosz and Bartosz, 2016).  

 

 

Figure 5. Lysine-lysine AGEs cross-links. 

Protein cross-linking is only one of the many effects of the Maillard 

reaction and in fact, Johan Bjorksten postulated the role of cross-linking in 

aging (Bjorksten, 1958; Bjorksten and Tenhu, 1990) many years before the 

realization that the Maillard reaction proceeds in the human body. Many age-

related disorders are associated with AGEs-promoted protein cross-linking 

(Ajith and Vinodkumar, 2016; Rabbani et al., 2016). Cross-linking of skin 

collagen is responsible for wrinkling and other age related dermal changes 

(skin dryness, appearance of spots, and decrease in elasticity) (Verzijl et al., 

2000; Pageon, 2010). Cross-linking of lens proteins contributes to age-related 

cataract formation (Linetsky et al., 2008; Nagaraj et al., 2012; Pescosolido et 

al., 2016). AGEs take part also in the formation of atherosclerotic plaques in 

the arterial wall, which in case of rupture provoke cardiovascular events 

(Hanssen et al., 2014; de Vos et al., 2016). AGEs are located at the periphery 

of Lewy bodies in patients with Parkinson’s disease (Castellani et al., 1996; 

Münch et al., 2000). In Alzheimer's disease, glycation of amyloid β-peptide 

exacerbates its toxicity and contributes to neurodegeneration (Li et al., 2013; 

Jana et al., 2016; Vicente Miranda et al., 2016). The Maillard reaction is 

implicated in aging not only through protein glycation. AGEs and perhaps 

AGEs cross-links appear also on DNA (see below), and in 2002 John Baynes 

was appealing that, it is “time to focus on DNA” (Baynes, 2000, 2002). Old 

people and diabetic patients are at higher risk of developing cancer and Lee 
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and Chan (2015) suggested that DNA damage including DNA-AGEs could be 

a biological link between diabetes and cancer. 

 

 

MAILLARD REACTION AND REPLICATIVE  

AGING OF E. COLI 
 

Despite the many data, demonstrating the role of the Maillard reaction in 

human aging and age-related diseases, its implication in E. coli metabolism 

remained unexplored for a long time. Model studies focused mainly on the 

physiological significance of MRPs present in the culture media (Helou et al., 

2014) but did not raise the question of whether glycation occurs within E. coli 

cells. As a spontaneous (non-enzyme catalyzed) reaction, the Maillard reaction 

proceeds slowly under physiological conditions (pH ~7, 37°C) and there was a 

silent agreement that this reaction is unlikely to occur in bacteria. For example, 

the formation of Schiff bases requires 1 - 2 hours to reach equilibrium in the 

absence of a catalyst, while the generation time of a well-nourished E. coli is 

only 20 minutes. We went on to reconsider this assumption when searching for 

an explanation for the striking behavior of a recombinant human interferon-

gamma (IFN), expressed in E. coli. Despite the lack of cysteine residues, the 

protein underwent progressive covalent aggregation during storage under both 

aerobic and anaerobic conditions, which excluded oxidation (i.e., formation of 

disulfide bridges and tyrosine dimers) as the one and only cause of the 

observed phenomenon. Covalent oligomerization via cross-linking AGEs 

seemed a reasonable explanation of the covalent IFN aggregation under 

oxygen-free conditions. We performed relevant investigations and found that 

in addition to IFN (Mironova et al., 2003), endogenous E. coli proteins 

(Mironova et al., 2001) and chromosomal DNA (Mironova et al., 2005) are 

involved in glycation under normal growth conditions. 

Does the Maillard reaction contribute to replicative aging and conditional 

senescence in E. coli? The studies on glycation in E. coli have a relatively 

young history and since our first publication in 2001 (Mironova et al., 2001), 

roughly 70 articles appeared on that topic. In spite of the limited number of 

studies, however, some glycation signatures in the E. coli aging mechanism 

are already recognizable. The pioneer studies of Stewart et al. (2005) and 

Wang et al. (2010) linked the aging strategy of E. coli to the asymmetric 

distribution of some cellular components including protein aggregates. Next 

investigations indeed showed that heat shock as well as overexpression of 
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foreign proteins in E. coli lead to the accumulation of protein aggregates in 

one of the cell poles (Lindner et al., 2008; Winkler et al., 2010). Such unequal 

partitioning allows for asymmetric inheritance of damaged proteins during cell 

division and results in higher growth rates of damage-free daughter cells. Data 

also indicate that polar aggregation of cytosolic proteins is mainly driven by 

nucleoid occlusion rather than by an active, genetically encoded mechanism 

(Winkler et al., 2010). Aggregation of native proteins in E. coli is promoted by 

stress conditions (oxidative stress, heat shock), as well as by errors during 

transcription and translation, resulting in aggregation even in the absence of an 

external stress (Mogk et al., 2003).  

 

 

Figure 6. Electron micrograph of E. coli cells overexpressing IFN. White arrows 

indicate inclusion bodies with polar (membrane) localization. 

The contribution of glycation-mediated cross-linking to protein 

aggregation in E. coli is poorly studied. We have previously shown that while 

expressed in E. coli, human IFN accumulates both Amadori products and 

AGEs, depending on the host strain and fermentation conditions. We also 

observed that some internal amino acid residues (most likely Arg and Lys) are 

involved in IFN cross-linking and covalent dimerization (Mironova et al., 
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2003; Boyanova et al., 2008). The protein was abundantly expressed (up to 

50% of the total protein) and was sequestered by the bacterial cells in 

insoluble inclusion bodies with polar localization (Tsanev and Ivanov, 2002) 

(Figure 6). 

We suggest that AGEs-promoted cross-linking may be a factor 

contributing to the observed aggregation of the overexpressed recombinant 

IFN. Most studies focus on the presence specifically of protein aggregates in 

E. coli inclusion bodies, however, we have recently observed that IFN 

inclusion bodies can contain nucleic acids as well (plasmid DNA and rRNA) 

(Ahmed et al., 2011; Krachmarova et al., 2011, Popov, 2012) (Figure 7). As 

shown in Figure 8, when glycated in vitro, E. coli DNA gains in molecular 

mass, which is indicative of DNA cross-linking. This result, together with our 

observation that E. coli chromosomal DNA accumulates AGEs (Mironova et 

al., 2005), implies that DNA cross-linking and aggregation are likely to occur 

also in vivo. In addition, AGEs-crisscrosses between DNA, proteins and other 

primary amines might contribute to an even more complex structure of the E. 

coli inclusion bodies. 

 

 

Figure 7. E. coli inclusion bodies contain both proteins and nucleic acids. 

Yet another observation of our group supports the E. coli aging 

mechanism proposed by Stewart et al. (2005) and Wang et al. (2010). To 

express human IFN in E. coli, we have cloned the IFN gene in a multicopy 

plasmid under a strong (phage) constitutive promoter. With advancing 

fermentation of E. coli cells, we observed a phenomenon called plasmid 

segregation. With time, some cells lost their plasmids, began to grow faster 

and displaced the plasmid-bearing cells, which resulted in reduced IFN yield. 
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To explain this observation, we proposed a model based on the coupled 

transcription and translation in E. coli. Because E. coli lacks a nuclear 

envelope, transcription takes place in the cytosol, where translation of the 

commencing mRNA starts before transcription is terminated. Assuming that 

IFN aggregation and inclusion bodies formation may occur while IFN is still 

being synthesized, our model predicts that the whole complex, including 

plasmid DNA, mRNA and the resulting IFN together with the supporting 

ribosomes (polysomes), might be tethered by the inclusion bodies to the cell 

poles and anchored into the cell membrane (Popov et al., 2011). This model 

explains why plasmid DNA and rRNA are present in the inclusion bodies and 

how plasmid segregation may occur. In fact, plasmid segregation seems to be 

tightly linked to the E. coli aging mechanism. The recombinant plasmids and 

the encoded protein impose a metabolic burden on E. coli cells and are 

therefore partitioned with other surplus components in mother cells (in terms 

of Stewart et al. (2005)), resulting in relieved growth of the daughter cells. 

 

 

Figure 8. Glycation-induced increase in the molecular mass of E. coli chromosomal 

DNA. DNA was isolated from E. coli strains 33W1485 (1) and AB1157 (2) and 

sonicated to an average length of 1000 bp. Samples 1G and 2G were incubated for two 

weeks in 0.1 M glucose 6-phosphate at 37°C under sterile conditions. Analysis was 

performed on 0.7% agarose gel. M - 1 kb DNA Ladder. 
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MAILLARD REACTION AND CONDITIONAL SENESCENCE 

OF E. COLI 
 

Stewart et al. (2005) followed the division of single cells after plating onto 

solid agarose and observed a delayed growth of the old pole (mother) cell in 

contrast to Wang et al. (2010), who reported on a stable growth of both mother 

and daughter cells during continuous fermentation in liquid culture. We 

suggest that due to overgrowth and accompanying quorum sensing (Miller and 

Bassler, 2001) on plane surface, Stewart et al. (2005) observed phenomena 

close to conditional senescence rather than a true replicative ageing, which 

may explain the discrepancy between the two studies. Using optical tweezers, 

Ericsson et al. (2000) made the interesting observation that only one of the two 

daughter cells of growth-arrested (stationary) E. coli that appear after re-

nutrition “was able to divide a second time, indicating that localized cell 

deterioration, inherited by only one of the daughters, may occur.” This data 

imply that common events may underlie both conditional and replicative aging 

of E. coli. In fact, the stationary phase and especially LTSP are not static, 

because the apparently constant cell density results from dynamic equilibrium 

between dying and newly emerging cells. In other words, the aging bacterial 

population does not loose proliferative function. It is disputable yet whether E. 

coli entry into stationary phase and senescence are programmed phenomena, 

and in a detailed review on that topic, Nyström (2003) concluded that bacterial 

senescence is linked to stochastic deterioration, rather than programmed  

death pathways, and self-inflicted oxidative damage may be a causal factor  

in age-related deterioration of both prokaryotes and higher organisms. The 

spontaneous (not genetically encoded) Maillard reaction may cause such a 

stochastic deterioration of life essential amines including proteins, DNA and 

amino-lipids and thus be an important player in the major events of E. coli 

senescence, which are mutability, death and adaptation.  

We have previously shown that the severity of the carbonyl stress in E. 

coli, as mirrored by the level of AGEs in the total protein, depends on the 

culture medium composition (Dimitrova et al., 2004). Subsequent independent 

studies have confirmed this observation (Pepper et al., 2010; Kram and Finkel, 

2015). The presence of reducing sugars such as glucose and fructose in the LB 

medium at concentrations above 0.2% caused reduced viability of cells in 

stationary phase and accelerated death in the death phase, which correlated 

positively with the accumulation of CML (AGEs) in the total protein. In 

addition, the supplementation of LB medium with 2 mM methylglyoxal (MG) 
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lowered dramatically (million times) the viability of stationary cells (Pepper et 

al., 2010). When LB was replaced with richer media containing higher 

concentrations of Yeast extract and Tryptone (Soytone), it was realized that 

the rich the medium the severe is the death phase and the less the degree of 

recovery in the LTSP (Kram and Finkel, 2015). High levels of CML in the 

total protein accompanied the onset of the death phase for all media tested, and 

the severity of the death phase correlated positively with the spontaneous 

mutation rate to rifampicin resistance (rifr) in late exponential cells. In these 

cells, the amount of AGEs-modified proteins depended also on the culture 

volume with bigger volumes promoting higher glycation levels (Kram and 

Finkel, 2014). In this latter study, enhanced glycation did not always correlate 

with increased oxidative stress (evaluated by OxyR induction), which is not 

striking, bearing in mind that glycation may happen also under anaerobic 

conditions.  

Kram and Finkel (2014, 2015) demonstrated that the accumulation of 

AGEs in endogenous proteins is a hallmark of E. coli senescence. Importantly, 

there was a positive correlation between the level of protein-bound AGEs and 

the frequency of spontaneous mutations in stationary cells. This correlation 

indirectly indicates that glycation of DNA might also be a factor in bacterial 

senescence. That DNA may react with reducing sugars in vitro has been 

shown (Bucala et al., 1984) but it is a discovery of the last decade that 

reducing sugars may react with DNA in living organisms (Mironova et al., 

2005; Fleming et al., 2007). By adding glycation inhibitors (aminoguanidine 

(AG), aspirin (ASA), pyridoxal 5’-phosphate (PLP), pyridoxamine (PM), 

pyridoxin (PN) and thiamine (B1)) to the LB medium, we have shown that the 

amount of Amadori products (AGEs-precursors) in E. coli chromosomal DNA 

correlates positively with the mutation frequency to rifr phenotype in both 

exponential and stationary (3 days old) cells (Mironova et al., 2009; 

Handzhiyski et al., 2012) (Figure 9).  

Based on unpublished observations, Kram and Finkel (2015) made the 

interesting notion that “high mutation frequency, in and of itself, does not 

necessarily lead to a more severe death phase since mutS, mutL, or dam strains, 

with mutation frequencies up to 100 times that of wild-type cells, can survive 

long-term stationary-phase incubation when grown in batch culture.” We cite 

this notion to stress on the fact that mutagenic factors including glycation are 

the culprit causing death but also the genetic/phenotypic diversity necessary 

for bacterial survival and adaptation.  
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Figure 9. Early glycation and spontaneous mutagenesis in E. coli. Correlation between 

the amount of Amadori products (●) in the chromosomal DNA and the spontaneous 

mutation frequency to rifr (■) of E. coli stationary (3 day old) cells. Data for Amadori 

products are normalized, while the mutation frequency is expressed as median cfu per 

108 cells of 10 independent cultures tested. Shown are the Pearson (r) and the 

Spearman (rs) correlation coefficients.  

 

DEFENSE AGAINST GLYCATIOIN AS AN  

ANTI-AGING STRATEGY 
 

Experiments have shown that glycation levels and spontaneous mutation 

rate in E. coli are manageable. In the study of Kram and Finkel (2014), the 

anti-glycation agent carnosine exhibited pronounced inhibitory effect on the 

death phase, restoring the viable cell counts up to five orders of magnitude. 

Other compounds found in this study to protect against high concentrations of 

glucose and MG were aminoguanidine and folic acid, while aspirin and grape 

seed extract abrogated the effect of MG but not that of glucose (Pepper, 2007). 

In natural habitats, E. coli cannot rely on the delivery of such compounds  

and has elaborated diverse mechanisms for anti-glycation defense. These 

mechanisms operate at all steps of the Maillard reaction starting with 

detoxification of carbonyl compounds, going thorough degradation of 

Amadori products, and ending up with secretion of AGEs.  
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One of the best-studied toxic carbonyl compounds in E. coli is MG 

(Kosmachevskaya et al., 2015). MG is produced in E. coli in vivo either 

spontaneously (Ahmed et al., 1997) or enzymatically (Hopper and Cooper, 

1972; Tötemeyer et al., 1998) and if not detoxified its accumulation ultimately 

causes cell death (Freedberg et al., 1971; Rekarte et al., 1973; Ackerman et al., 

1974; Kadner et al., 1992). The main route for MG detoxification is the 

glyoxalase I/II system (MacClean et al., 1998; Ferguson, 1999), and some data 

point to the presence of an additional glyoxalase III in E. coli (Misra et al., 

1995; Subedi et al., 2011). Other enzymes involved in MG detoxification are 

aldose reductases (Misra et al., 1996; Saikusa et al., 1987) and enzymes 

converting MG to acetol (encoded by the E. coli genes yghZ, yafB, yqhE, and 

yeaE) (Ko et al., 2005). Two independent studies published this year 

(Abdallah et al., 2016; Lee et al., 2016) reveal another group of enzymes in E. 

coli with glyoxalase/deglycase activity. These enzymes, HchA, YajL, YhbO 

and ElbB, share similarity with the human DJ-1 superfamily of proteins. When 

overexpressed in E. coli, the four DJ-1 homologs reduce the glyoxal (GO) 

dependent increase in intracellular AGEs. The apparent glyoxalase activity of 

YajL and YhbO seems to reflect their deglycase activity as far as these  

two enzymes are capable to repair GO- and MG-glycated proteins (Abdallah et 

al., 2016). The sequence similarity of the four E. coli proteins with human DJ-

1, known to be associated with Parkinson’s disease, and their expression 

primarily during E. coli stationary phase (Lee et al., 2016), point to the 

existence of common mechanisms for defense against carbonyl stress and 

senescence from bacteria to humans. 

The removal of fructosamines (Amadori products), formed by glucose on 

human hemoglobin, is carried out by the enzyme fructosamine 3-kinese, acting 

as a deglycase (Delpierre et al., 2000; Delpierre et al., 2002). This enzyme 

phosphorylates the fructose residue at the third carbon atom, thus promoting 

the spontaneous breakdown of the bond between the protein and the reducing 

sugar. Fructosamine 3-kinese analog was not found in E. coli (Gemayel et al., 

2007), where the decomposition of Amadori products was shown to result 

from the cooperative action of two enzymes – kinase (FrlD) and deglycase 

(FrlB) (Wiame et al., 2002). These enzymes utilize as a substrate Amadori 

products bound to free lysine residues but not to proteins. Therefore, they  

do not repair glycated proteins but rather sustain bacterial growth on 

fructoselysine, released during digestion of glycated proteins in the human 

intestine. Another E. coli enzyme, the Gcp glycopeptidase, has been suggested 

to directly repair Amadori products-modified proteins (AMPs), because: i) 

Gcp binds glycated proteins, ii) its depletion results in accumulation of AMPs, 
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and iii) the severe phenotype of Gcp depletion can be relieved under 

conditions of low intracellular glycation (Katz et al., 2010). Of note, Gcp is a 

conserved enzyme encoded by nearly every sequenced genome in all three 

domains of life, suggesting a universal involvement of Gcp in cellular aging. 

By analogy to higher eukaryotes, E. coli seems to have developed mechanisms 

for active secretion of AGEs outside cells in the form of free AGEs (bound to 

amino acids) and peptide-AGEs. It has been shown that low-molecular weight 

AGEs originate from high-molecular weight AGEs by proteolytic degradation, 

not carried out by the major ATP-dependent proteases but by an alternative 

metal-dependent proteolysis (Cohen-Or et al., 2011, Cohen-Or et al., 2013). 

The mechanisms for repair of glycation damaged DNA in E. coli are 

scarcely studied. One of the major stable AGEs-adduct, resulting from the 

interaction of DNA with MG, is N(2)-(1-carboxyethyl)-2'-deoxyguanosine 

(N(2)-CEdG). Studies of Yuan et al., (2008) revealed that N(2)-CEdG is 

weakly mutagenic to E. coli and polymerase IV (pol IV), belonging to  

the Y-family of DNA polymerases, is the major enzyme responsible for 

bypassing the lesion in vivo. Steady-state kinetic measurements showed that 

nucleotide insertion, catalyzed by E. coli pol IV or its human counterpart (i.e., 

polymerase kappa), opposite the N(2)-CEdG lesion is both accurate and 

efficient. It is worth mentioning that the Y-family of DNA polymerases is 

highly conserved among all domains of life. Regarding repair of DNA 

modified with Amadori products, we have recently observed that E. coli 

lysates are capable of catalyzing the removal of fructosamine 6-phosphate 

from DNA (unpublished results) and studies are now in progress to identify 

the enzyme(s) responsible for this activity.  

 

 

CONCLUSION 
 

Current high-throughput live cell imaging helped debunk the myth of 

bacterial immortality, which was based on the observation that most bacteria 

divide symmetrically. During continuous exponential growth, the death rate of 

E. coli is orders of magnitude higher than the frequency of spontaneous 

mutations, which means that such deaths are unlikely to result from stochastic 

events. The studies of Stewart et al. (2005) and Wang et al. (2010) provided 

evidence that non-stochastic deaths amon proliferating cells are the outcome of 

an ongoing aging process in E. coli. The signs of aging were recognized in the 

functional asymmetry between the two E. coli fission progeny. The cells 

inheriting for many generations the old pole (mother cells) lost replicative and 
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survival potential over time in contrast to the new pole (daughter) cells. This 

intriguing finding raised the question about the reasons for metabolic 

deterioration of the old pole mother cells. The prevailing view among 

scientists is that stochastic deterioration, rather than programmed pathways 

account for aging of both pro- and eukaryotes. The Maillard reaction 

(glycation) and its advanced products (AGEs) have been long ago associated 

with aging and age-related human diseases. It was relatively recently, when we 

observed that this reaction takes place also in E. coli (Mironova et al., 2001), 

and therefore its implication in bacterial aging is still obscure. Accumulating 

experimental evidence indicates that glycation may play a dual role in E. coli 

physiology. Through promoting cross-linking and aggregation of proteins, 

DNA and other amines, the Maillard reaction may contribute to aging and 

death of proliferating E. coil cells (replicative aging) as well as to conditional 

senescence of stationary phase cells. However, through DNA damage, 

followed by error-pone repair, glycation may also contribute to enhanced 

mutagenesis and the appearance of CASP phenotype in LTSP cells, thus 

favoring bacterial survival and evolution. Finally, the pathways for defense 

against glycation are highly conserved and it appears that common molecular 

mechanisms underlie aging in all domains of life, from bacteria to humans, 

which gives us hope that E. coli may provide and excellent platform for 

deciphering the intimate mechanisms of aging. 
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ABSTRACT  
 

Haploinsufficiency of tumor suppressor genes (TSGs) indicates that 

the reduced levels of proteins in cells that lack one allele of the genomic 

locus results in the inability of the cell to execute normal cellular 

functions contributing to tumor development. Representative cases of 

haploinsufficient TSGs are p27Kip1, p53, DMP1, NF1, and PTEN. Tumor 

development is significantly accelerated in both mice with homozygous 

and heterozygous gene deletion, with expression of the wild type allele in 

the latter. Newly characterized TSGs such as AML1, EGR1, TGFβR1/2, 

and SMAD4 have also shown haploid insufficiency for tumor 

suppression. This phenotype has typically been demonstrated in gene 

knockout mouse models, but analyses of human samples have been 

conducted in some cases. Recent studies suggest collaboration of multiple 

haploinsufficient TSGs in 5q-, 7q-, and 8q- syndromes, which is called 

compound haploinsufficiency. Although ARF is a classical TSG, it also 

belongs to this category since Arf+/- accelerates tumor development when 

both alleles for Ink4a are inactivated. Haploid insufficiency of Arf was 
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also reported in myeloid leukemogenesis in the presence of inv(16). In 

case of p53, p53+/- cells achieve only ~25% of p53 mRNA and protein 

levels as compared to those in wild type, which could explain the 

mechanism. TGFβR1+/- collaborates with ApcMin+/- in colorectal cancer 

development; TGFβR2+/- and Smad4+/- collaborates with K-Ras mutation 

in pancreatic ductal adenocarcinomagenesis, demonstrating the synergism 

of haploinsufficient TSGs and other oncogenic events. These TSGs can 

be targets for activation therapy in cancer since they retain a functional 

allele even in tumor cells. 

 

Keywords: haploinsufficiency, tumor suppressor gene, p27Kip1, p53, DMP1 

(DMTF1), ARF, AML1, EGR1, TGF/TGFRSMAD4, mouse model 

 

 

INTRODUCTION 
 

Cancer is a complex genetic disorder caused by alterations for both gene 

coding and non-coding regions. Two major classes of genes have been 

identified, namely oncogenes and tumor suppressor genes (TSGs). For 

instance, overexpression of a proto-oncogene, such as c-Myc, and/or 

inactivation of a tumor suppressor, such as TP53 or RB induces tumors. 

Oncogene activation in tumors is relatively straightforward since they are 

overexpressed or activated by mutation(s) while inactivation of a TSG is a 

complicated process performed by different mechanisms, e.g., gene deletion, 

mutation, epigenetic silencing, abnormal activity of microRNAs (miRNAs), 

and/or aberrant splicing. Although complete loss of TSG is common in  

human cancers as predicted by the Knudson's two-hit hypothesis [1], recent 

studies indicate that an incomplete process for TSG function termed 

‘haploinsufficiency’ that contributes to the development and progression of 

many cancers (Figure 1). In this category of TSG, one functional allele of a 

gene is lost by mutation or deletion while the remaining normal allele is still 

retained in tumors, but the activity is not enough to execute its physiological 

function to prevent abnormal cell proliferation. Promoter hypermethylation or 

point mutation does not happen in the retained locus in haploinsufficient 

TSGs, thus tumor cells still express the wild type mRNA. We use this 

definition of haploinsufficient TSG throughout this review. 
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Figure 1. Tumor development caused by classical and haploinsufficient tumor 

suppressor genes. 

Top panel: In case of hereditary cancer syndrome (e.g., Li-Fraumeni syndrome), one 

TSG locus is mutated in all the chromosomes, and inactivation of the intact allele 

leads to cancer following the two-hit hypothesis by Dr. Knudson [1]. Tumor 

development is much accelerated because only a single hit on the TSG locus leads 

to total inactivation of the gene leading to carcinogenesis. 

Middle panel: Tumor development in classical TSGs. It will take longer than the above 

for the tumor to develop since biallelic inactivation of the locus is needed. 

Lower panel: Tumor development in haploinsufficient TSGs. It will take more time for 

tumor(s) to develop than classical TSGs since collaboration of mono-allelic loss 

with other genetic alteration(s) are required. 

 

The Cdk inhibitor p27kip1 [2] was the first gene to be characterized  

as haploinsufficient for tumor suppression, followed by Dmp1 [3, 4, reviewed 

in 5] through observation of tumor development in homozygous and 

heterozygous knockout mice. Pten and Nf1 are also haploinsufficient TSGs 

since mice with heterozygous genomic DNA deletion often develop tumors 

without deletion of the wild type allele; however, comparative tumor 

development assays were not possible using global knockout mice due to the 

lethality of homozygous gene deletion [6-8, reviewed in 9]. Creation of 

prostate-specific gene deletion in mice showed that complete loss of Pten 

expression activates a p53-dependent cellular senescence that can act as a 

brake on tumor formation [10]. Hence the genomic locus for PTEN needs to be 

mono-allelic loss to promote prostate carcinogenesis, raising the concept of 

‘obligate haploinsufficiency’ [9]. TGFβ was shown to be haploinsufficient for 

tumor suppression [11]; however the situation is different from others since it 
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is a secreted protein. Although p53 has been classified as a classical TSG, 

haploid insufficiency of p53 has also been demonstrated in mice [12] as well 

as in humans [13] from analyses of tumor samples of Li-Fraumeni syndrome 

patients. 
 

 

Figure 2. The activity of tumor suppressor genes/proteins in gene knockout mice (A) 

and possible mechanisms for inactivation of TSGs (B). 

A. The wild type activity represents 100% diploid gene function and null (-/-) represents 

complete loss of function of the TSG. In classical TSGs, both loci are inactivated by i) point 

mutation, ii) gene deletion, iii) promoter hypermethylation, or iv) any combinations of these 

during tumor development. In this case, loss of one locus leads to compensatory activation 

of the remaining allele, leading to more than 50% of the tumor suppressor activity (left 

columns, middle, discontinued line; ref. 124). In haploinsufficient TSGs, tumors from mice 

with heterozygous gene deletion express the mRNA/protein at levels ~50% of wild type 

cells. The levels may be lower if other inactivation mechanisms co-exist to lower the levels 

of the tumor suppressive mRNA/protein (right columns). In p53+/- cells, both mRNA and 

protein levels are reduced to ~25% of those in wild type cells [48].  

B. Possible mechanisms for inactivation of classical and haploinsufficient TSGs. Classical TSGs 

are inactivated by homozygous or heterozygous gene deletion plus point mutation or 

promoter hypermethylation(s). Conversely, haploinsufficient TSGs are inactivated by 

hemizygous gene deletion or point mutation at the single locus without promoter 

methylation or mutation of the remaining allele. Recent studies show that other 

mechanisms, such as decreased transcription, accelerated RNA degradation [20], enhanced 

protein degradation, or aberrant splicing [72, 74, 119, 125-127] can coexist to down-

regulate the TSG mRNA/protein expression to less than the 50% level of that in wild type 

cells in subsets of malignancies. 
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In case of classical TSGs (e.g., RB, p53, and INK4a/ARF), both loci  

are inactivated by i) point mutation, ii) gene deletion, iii) promoter 

hypermethylation, or iv) any combinations of these during tumor development 

(Figure 2A). Knockout mouse models for such TSGs usually exhibit obvious 

tumor-prone phenotype without carcinogenic challenge than those for haplo-

insufficient TSGs [14-16, 17, 18 for reviews]. Conversely, a study from 

Pandolfi’s lab showed that even a 20% reduction of PTEN protein level 

contributed to the development of cancer [19]. When targeted by shRNAs, p53 

knockdown mice showed distinct phenotypes ranging from hyperplasia to 

malignancy depending on the expression levels in its protein [20]. Based on 

such observations, Berger et al. proposed a continuum model that accounts for 

subtle dosage effects of tumor suppressors including their regulation by 

miRNAs [21]. The dosage and function of haploinsufficient TSGs are critical, 

and understanding the impact of haploinsufficiency is important for 

assessment of inter-individual genetic variation as well as the molecular 

mechanism of haploinsufficient disorders. 

Haploinsufficiency of multiple genes cooperate to promote tumorigenesis, 

a phenomenon called ‘compound haploinsufficiency’. The 5q deletion  

(5q-) and 7q deletion (7q-) syndromes are typical examples of compound 

haploinsufficiency [22, 23], which demonstrate the importance of 

combinatorial interactions to elicit specific phenotypes. Deletion of 

chromosome 8p is also very common in human cancer. Using a murine model 

of hepatocellular carcinoma and in vivo RNAi, Xue et al. silenced the genes 

frequently deleted on human 8p22 and showed that multiple genes on 

chromosome 8p (Dlc1, Vps37a, Fgl1) could cooperatively inhibit 

tumorigenesis in mice predicting poor survival [24].  

Although haploinsufficient TSGs do not have promoter hypermethylation 

or mutation(s) in the coding region for the retained locus, the mRNA and/or 

protein expression levels may decrease to less than 50% (usually 20-30%) of 

those in wild type cells (Figure 2A). We include these TSGs into the category 

of haplo-insufficient TSGs since the protein levels in TSG+/- mice never  

reach 0%. The possible mechanisms for partial inactivation of the wild  

type locus include 1) decreased transactivation of the promoter due to 

autoregulation, 2) accelerated degradation of mRNAs or proteins, and 3) 

splicing alterations (Figure 2B). For 2), recent research indicated that single 

nucleotide polymorphisms (SNPs) in the 3' untranslated region of mRNAs and 

miRNAs seed sequences that may cause haploinsufficiency at the level of 

mRNAs through altered binding specificity of miRNAs [20]. Networking 

analysis suggested that the haploinsufficient TSGs strongly interacted with one 
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another, and any subtle alterations in this network could contribute to 

tumorigenesis. A typical case for 3) is a transcription factor Dmp1 [3, 4], 

which will be discussed in this review. 

In this chapter, we focus on the identification and characterization of early 

generation haploinsufficient TSGs, such as p27Kip1, p53, DMP1, TGFβ; and 

then on recently characterized TSGs, such as 53BP1, AML1, EGR1, and 

TGFR/SMAD4. Although ARF is a classical TSG, it behaves like a 

haploinsufficient TSG under specific circumstances. Finally, we discuss future 

directions and therapeutic values for the research on haploinsufficient TSGs. 

 

 

P27KIP1 
 

Entry, progression, and exit from the G1 phase of the mammalian cell 

cycle in response to mitogens are governed by cyclin-dependent kinases 

(Cdks) regulated by the D- and E-type cyclins [25, 26]. p27Kip1 was first 

discovered as a key regulator of cell proliferation [canonical function; ref. 27, 

28]. In addition to its initial identification as a CDK inhibitor, p27Kip1 has also 

emerged as a multifunctional protein with numerous non-canonical, CDK-

independent functions that exert influence on key processes such as cell cycle 

regulation, cytoskeletal dynamics and cellular plasticity, cell migration, and 

stem-cell proliferation and differentiation [29]. While both p21Cip1 and p27Kip1 

bind directly to cyclin/Cdk complexes to inhibit their Cdk activity and block 

cell proliferation, they are essential activators of cyclin D-dependent kinases in 

murine fibroblasts, thus are called 'assembly factors' [‘AF’ in Figure 3; ref. 

30]. Abnormally low levels of the p27Kip1 protein are frequently found in 

human carcinomas, and these low levels correlate directly with both 

histological aggressiveness and patient mortality [2]. The p27KIP1 gene was 

mapped to chromosome band 12p13 that is hemizygously deleted in leukemias 

without mutations, which may confer a growth advantage to leukemic cells 

[31]. Fero et al. showed that that both p27Kip1+/- and p27Kip1-/- mice were 

predisposed to tumors in multiple tissues (intestinal and lung adenomas, 

pituitary tumors) when challenged with -irradiation or a potent DNA 

alkylating agent N-ethyl-nitrosourea [ENU, Table 1; ref. 2]. Therefore p27Kip1 

is a multiple-tissue tumor suppressor in mice. Molecular analyses of tumors in 

p27Kip1+/- mice show that the remaining wild type allele is neither mutated nor 

silenced. Hence, p27Kip1 is haploinsufficient for tumor suppression [2]. 

http://www.ncbi.nlm.nih.gov/pubmed/10075928
http://www.ncbi.nlm.nih.gov/pubmed/10075928


 

 

 

Figure 3. Intracellular signaling pathways involving p27Kip1, Dmp1, Arf, p53, 53BP1, AML1, and Egr1. 



 

Cyclin D/Cdks are activated in response to mitogenic signals and initiate phosphorylation of Rb, a process that is completed by cyclin E 

- Cdk2. Once cells enter the S phase, cyclin E is degraded and cyclin A enters into complexes with Cdk2. Proteins of the Ink4 

family (p15, p16, p18, p19) bind only to Cdk4 and inhibit its activity while those in the Kip/Cip family (p21, p27, p57) inhibit 

cyclin-bound Cdks [25-28]. Both p21Cip1 and p27Kip1 act as an assembly factor (AF; ref. 30). Arf is induced by potentially oncogenic 

signals stemming from overexpression of oncogenes such as c-Myc, E2F1, and activated Ras, which quenches inappropriate 

mitogenic signaling by diverting incipient cancer cells to undergo p53-dependent growth arrest or cell death [76, 77]. Dmp1 is 

activated by oncogenic Ras or HER2, which, in turn, binds and activates the Arf promoter and induces cell cycle arrest [61, 65]. 

Three different splicing variants have been reported for human DMP1 [72, 73]. Dmp1 (Dmp1) directly binds to the CD13 [128] 

and Arf [56] promoters to transactivate the gene expression, thereby accelerates myeloid cell differentiation by interfering cell cycle 

progression. Interestingly the CD13 promoter activation is inhibited by D-type cyclins in a Cdk-independent fashion [54, 128; see 

the dotted line for inhibition] while the Arf promoter activation is stimulated by cyclin D1 [129] in a Cdk-dependent fashion [57, 

61]. Other transcriptional targets for Dmp1 include Areg, Thbp-1, JunB, and Egr1 [118], suggesting that it is also involved in 

signal transduction related to angiogenesis and/or metastasis. Dmp1 physically interacts with p53 and neutralizes all the activities 

of Mdm2 to activate the p53 pathway [59, 60]. Both Dmp1-/- and Dmp1+/- mice show hypersensitivity to develop tumors in response 

to carcinogen or γ-irradiation. E2F1-3a [130, 131] directly binds to the Dmp1 promoter and causes transcriptional repression [62]. 

The Dmp1 promoter is repressed by NF-B through direct binding of the promoter to RelA [63]. Conversely, the Dmp1 promoter is 

activated by the oncogenic Ras-Raf-MEK-ERK-Jun [61] and HER2-Pi3k-Akt-NF-B [65] pathways, and thus Ras or HER2-driven 

carcinogenesis is dramatically accelerated in Dmp1-null mice. The transcription factor AML1 locus is frequently translocated to 

create hybrid molecules in human acute leukemias, and plays essential roles in normal hematopoiesis through dimerization of its 

partner CBF [91, 92]. Direct transcriptional activation of the ARF promoter by AML1 and its inhibition by AML1-ETO has been 

reported [96] 53BP1 is a p53-binding protein, and is involved in DNA-damage response by choosing recombination and end joining 

at DNA double-strand breaks [50-52]. Haploid insufficiency of p27ip1, p53, 53BP1, Dmp1α, Arf, AML1, and Egr1 TSGs are 

discussed in this review. These genes are shown in bold. The DMP1 locus generates other two splice variants, namely DMP1 and 

 and the oncogenic role of DMP1 has recently been demonstrated in vivo [72-74]. Aberrant splicing of TSGs and their roles in 

carcinogenesis are currently extensively studied [119, 125-127], which can further affect the function of the remaining allele of 

haploinsufficient TSGs. Proteins that have mitogenic/oncogenic functions are shown in dark while those with tumor-suppressive 

activities are shown in white. 
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ErbB2/neu destabilizes p27Kip1 and increases the expression of cyclin D1. 

Muraoka et al. studied the roles of p27Kip1 and cyclin D1 in ErbB2-mediated 

mammary epithelial cell transformation [32]. Overexpression of ErbB2 or 

cyclin D1 in p27Kip1+/- primary murine mammary epithelial cells resulted in 

increased proliferation, cyclin D1 nuclear localization, and colony formation 

in soft agar as compared to those in p27Kip1+/+ cells. In contrast, ErbB2- or 

cyclin D1-overexpressing p27Kip1-/- cells displayed reduced proliferation, 

anchorage-independent growth, Cdk4 activity, and nuclear cyclin D1 

expression compared to wild type cells. Mammary glands from MMTV (mouse 

mammary tumor virus)-neu; p27Kip1+/- mice exhibited alveolar hyperplasia, 

enhanced proliferation, decreased apoptosis, and accelerated tumor formation 

compared to MMTV-neu; p27Kip1+/+ glands. Interestingly, MMTV-neu; p27Kip1-

/- glands showed decreased proliferation, cyclin D1 expression, and Cdk4 

activity, as well as markedly prolonged tumor latency, compared to MMTV-

neu; p27Kip1+/+ glands. Therefore p27Kip1+/- mammary epithelium are more 

susceptible to HER2/neu-induced tumorigenesis while p27Kip1-null glands, due 

to severely impaired cyclin D1/Cdk4 function, are more resistant to 

transformation [32], suggesting another case of obligate haploinsufficiency. 

Haploid insufficiency of p27KIP1 was also demonstrated in T-cell 

prolymphocytic leukemia (T-PLL, 33) although hematopoietic malignancies 

were not reported in p27Kip1-/- mice. T-PLL is consistently associated with 

inactivation of the ATM gene and chromosomal rearrangements leading to an 

overexpression of the MTCP1/TCL1 oncoprotein that interact with AKT1. 

These alterations are present at the earliest stage of malignant transformation, 

suggesting that additional events are required for overt malignancy. Toriellec 

et al. studied the 12p13 deletion that occurs in approximately half of T-PLLs 

where found that the p27KIP1 gene was hemizygously deleted in leukemic cells 

without mutation [33]. Consistently, in a p27Kip1+/- background, MTCP1-

transgenics (TGs) had multiple emergences of preleukemic clones not 

observed in control cohorts. The remaining p27Kip1 allele was maintained and 

expressed in these preleukemic clones, strongly implicating that p27Kip1 was 

haploinsufficient in the pathogenesis of T-PLL [33]. Haploid insufficiency of 

p27Kip1 for tumor suppression was also reported in human acute myeloid 

leukemia with complex karyotype [34], human small intestinal neuroendocrine 

tumors [35], mouse models for medulloblastoma [36] and pancreatic cancer 

[37], thus acceleration of tumorigenesis has been considered to be a 

generalized phenotype for heterozygous loss of p27Kip1. 
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P53 AND 53BP1 
 

p53 is an established tumor suppressor that is activated on cellular stresses 

such as DNA damage, oncogene activation, hypoxia, which transactivates sets 

of genes that induce cell cycle arrest, apoptosis, DNA repair, or autophagy, 

playing essential roles in the prevention of tumor development [38-40]. It is 

mutated or deleted in over ~50% of human cancers [41], but is inactivated in 

others with wild type p53 through different mechanisms, indicating that 

functional inactivation of the p53 pathway is essential for tumor development. 

Loss of heterozygosity (LOH) of p53 often occurs in tumors having a p53 

mutation indicating that it behaves as a classical TSG that meets the Knudson's 

two-hit hypothesis [1]. However, p53 is also a representative example of 

haploinsufficient TSG [12]. The first evidence that p53 may exhibit 

haploinsufficiency comes from the analysis of Li-Fraumeni syndrome (LFS) 

patients [13, 42]. LFS is a hereditary cancer predisposition syndrome in whom 

a variety of cancers are found in affected families, having a higher risk of 

developing cancer, and the relatively early age of cancer development [42]. 

The majority of LFS cases are caused by germline missense mutations for p53 

[42, 43]. The most common types of cancer found in families with LFS 

include osteosarcoma, soft tissue sarcoma, acute leukemia, breast/lung/ 

gastrointestinal cancer, brain tumor, and adrenocortical tumor. When tumors 

from LFS patients were analyzed for LOH of p53, only half of the tumors 

exhibited LOH at the locus [13], raising the question of whether p53 mutation 

acted as a dominant-negative inhibitor of the wild type allele [44] or if in fact 

single-copy loss of p53 could contribute to tumorigenesis. In case of a 

dominant-negative mutation for p53, the wild type allele does not need to be 

lost to develop tumors since proteins from the mutant locus subvert the 

function of the wild type allele by making non-functional complexes because 

i) p53 proteins form tetramers to act as a transcription factor [45], ii) the level 

of Mdm2 is very low in p53-mutant cells, which results in accumulation of the 

protein to extremely high levels [46], and 3) degradation of mutant p53 is 

selectively compromised in tumor cells [46]. As a consequence, tetramers 

from p53wt/mut cells will almost exclusively be composed of mutant p53 that 

are non-functional. In case of a haploinsufficient mutation, the wild type p53 

allele is retained because half the normal wild type protein is insufficient to 

maintain the functionality. Since p53 mutations from LFS patients often  

affect the oligomerization domain, the proteins remain unfolded and unable  

to interact with wild type p53; hence the locus is considered to be 

haploinsufficient than having a dominant-negative activity [47]. 

http://www.cancer.net/node/31389
http://www.cancer.net/node/31379
http://www.cancer.net/cancer-types
http://www.cancer.net/node/31327
http://www.cancer.net/node/31341
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Table 1. The summary of haploinsufficient TSGs explained in this review. 

Genes for which evidence of haploinsufficiency comes from mouse and/or 

human studies are shown. 
 

Genes 
Human 

syndromes 
Mouse Model Cancer types References 

p27Kip1  homo, het with 

-irradiation, 

ENU 

intestinal adenoma, lung 
adenoma, pituitary tumor female 

reproductive tract tumor 

[2] 

   het;MMTV-neu 
TG, het;MTCP1 

TG, het;Ptc+/- 

mammary tumor, T-PLL, AML, 
small intestinal neuroendocrine 

tumor, medulloblastoma, 

pancreatic cancer 

[32-37] 

p53  homo T-cell lymphoma, sarcoma, 

hemangiosarcoma 

[14] 

  LFS het soft tissue sarcoma, 

osteosarcoma, carcinoma 

[12] 

53BP1  homo, het lymphoma, glioblastoma 

multiforme 

[50, 53] 

DMP1 7q- 
syndrome 

homo, het with 
DMBA, gamma-

irradiation 

lung cancer, T cell lymphoma, 
ovarian tumor, liver tumor 

[3, 4] 

   E-Myc, K-

RasLA, MMTV-

neu, cyclin D1 

B cell lymphoma, lung cancer, 

mammary tumor 

[4, 57, 64, 

65] 

ARF  homo sarcoma, lymphoma, carcinoma, 

glioma 

[16, 78] 

   het lymphoma, hemangioma, 

sarcoma, carcinoma 

[136] 

  FAMMM het;Ink4a-/- melanoma and other tumors [79] 

AML1 FPD/AML het (homo lethal) predisposition to myeloid 

leukemia 

[93-98] 

EGR1 5q- 

syndrome 

het, homo with 

ENU 

MPD, T cell lymphoma [103] 

   het;Apc+/-, 

het;p53+/- 

t-MNs, AML [106, 107] 

TGF

RI 

 het;ApcMin/+ 

(homo lethal) 

intestinal tumor [110] 

   het;KrasG12D  PDAC [113] 

SMAD

4 

Juvenile 

Polyposis 

het (homo lethal) gastrointestinal polyposis, 

intestinal tumor 

[114, 115] 

   het;KrasG12D MCNs developing into invasive 

PDAC 

[116] 

LFS: Li-Fraumeni syndrome; FAMMM: familial atypical multiple mole melanoma syndrome; FPD: 

familial platelet disorder; Homo: homozygous knockout; Het: heterozygous knockout; ENU: N-

ethyl-nitrosourea; T-PLL: T-cell prolymphocytic leukemia; MTCP1: mature T cell proliferation-

1; MPD: myeloproliferative disorder; t-MN: therapy-related myeloid neoplasm; AML: acute 

myelogenous leukemia; PDAC: pancreatic ductal adenocarcinoma; MCN: mucinous cystic 

neoplasm. 
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To address this question of haploid insufficiency of p53 for tumor 

suppression, Venkatachalam et al. analyzed tumors from both p53+/- and p53-/- 

mice (12; Table 1) for the latency and tumor spectra. The survival of p53+/− 

mice (median, 70 weeks) was somewhere in between that of the p53+/+, >100 

weeks) and p53-/- mice (18 weeks). Of note, tumors that developed in p53+/− 

mice without loss of the remaining allele (lymphomas, sarcomas) occurred at 

later time points than those exhibiting LOH of the locus, suggesting that the 

wild type p53 allele was partially effective for tumor suppression in p53+/− 

mice. A high proportion of tumors from the p53+/- mice retained a functional 

wild type p53 allele. Thus a mere reduction in p53 levels was sufficient to 

promote tumorigenesis. Lynch and Milner determined both basal p53 mRNA 

and protein levels, and compared the p53 stress response in p53+/+, p53+/- and 

p53-/- isogenic clones derived from human colon adenocarcinoma cell line 

HCT116 [48]. Basal expression of p53 in p53+/- cells was only 25% in 

comparison to that in p53+/+ cells, and this difference was maintained 

following oncogenic stress. The p53 stress responses were attenuated in p53+/- 

cells, in particular for p21CIP1 upregulation, G1 arrest, and apoptosis [48]. This 

is the first study that demonstrated the molecular basis for haploinsufficiency 

of p53, which explains the attenuated tumor-suppressive phenotype observed 

in p53+/- mice and humans with LFS. In hematopoietic cells, p53-dependent 

cell cycle control, senescence, and apoptotic functions are actively involved in 

maintaining homeostasis under normal and stress conditions [49]. Whereas 

loss of p53 function promotes leukemia/lymphoma development, increased 

p53 activity results in myelodysplasia. Since genetic alterations in TP53 is 

rather low in hematopoietic malignancies (10% - 20%, ref. 49), it is expected 

that p53 is functionally inactivated through other mechanisms e.g., ARF or 

DMP1 deletion (see above). 

Haploid insufficiency was also reported in the p53-binding protein 1, 

53BP1 [50]. When DNA double-strand breaks (DSBs) occur, the cell cycle 

stage has a major influence on the choice of the repair pathway employed [51]. 

Specifically, non-homologous end joining is the predominant mechanism used 

in the G1 phase of the cell cycle, while homologous recombination becomes 

fully activated in the S phase. Studies over the past 2 decades have revealed 

that the aberrant joining of replication-associated breaks leads to catastrophic 

genome rearrangements, revealing an important role of DNA break repair 

pathway choice in the preservation of genome integrity. 53BP1, a putative 

DNA-damage sensor that accumulates at sites of DSBs dependent on histone 

H2AX, and BRCA1, a well-known breast cancer tumor suppressor, are at the 

center of this choice [51]. 
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Genomic profiling of human cancers has provided insights into the 

mutational landscape of genes that are involved in the response to radiation-

induced DNA-damage. The sub-nuclear accumulation of proteins (i.e., foci) in 

the DNA-damage response (DDR), such as gamma-H2AX, 53BP1, or RAD51, 

has been studied as a substitute of treatment sensitivity [52]. Recent preclinical 

studies have demonstrated the predictive potential of DDR foci with clinically 

relevant end points, such as tumor control probability. This will yield 

functional insight that may complement or even supersede genomic 

information, thereby giving radiation oncologists unique opportunities to 

individualize cancer treatments in the near future [52]. 

Loss of a single 53BP1 allele compromised genomic stability and DSB 

repair, which could explain the susceptibility of 53BP1+/- mice for 

tumorigenesis [50]. 53BP1 was heterozygously deleted in ~20% of human 

glioblastoma multiform specimens, and low 53BP1 expression was associated 

with worse prognosis. 53BP1 behaved as a haploinsufficient TSG in a  

mouse model of platelet-derived growth factor-induced gliomagenesis [53]. 

Since human glioma cell lines in which 53BP1 was robustly silenced  

by shRNA showed higher sensitivity to ionizing radiation, 53BP1 can be 

pharmacologically targeted in glioblastoma multiforme in combination with 

standard therapies [53]. 

 

 

DMP1 (DMTF1) 
 

Dmp1, a cyclin D binding myb-like protein 1 (also called Dmtf1), was 

originally isolated in a yeast two-hybrid screen of a murine T-lymphocyte 

library with cyclin D2 as bait [54, 55]. Dmp1 transactivates the myeloid 

differentiation marker CD13 [128] and shows its activity as a tumor 

suppressor by directly binding to the Arf promoter to activate its gene 

expression and, thereby, induces Arf- and p53-dependent cell cycle arrest [56]. 

Recent studies show that it binds to endogenous cyclin D1 and transactivates 

both p19Arf and p16Ink4a [57, 58]. In Arf-null cells, Dmp1 physically interacts 

with p53 to induce senescence or apoptosis for tumor suppression [59; 

reviewed in 60]. The Dmp1 promoter is efficiently activated by oncogenic Ras 

as well as by constitutively active MEK, ERK [61], but is repressed by E2Fs 

and NF-B [62, 63]. Hence Dmp1 has been shown to be a key mediator 

between Ras-Raf-MEK-ERK mitogenic signaling and the Arf-p53 tumor 

suppressor pathway. 
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The activity of the Arf-53 pathway is significantly attenuated in Dmp1-

deficient cells since those cells can easily give rise to immortalized cell lines 

that retain wild type p19Arf and functional p53 and are transformed by 

oncogenic Ras alone [3]. Dmp1-deficient mice are prone to tumor 

development [3, 4, Table 1]. Tumors induced by dimethylanthracene, Eµ-Myc 

[Figure 4A; ref. 4] or K-RasLA [64] transgene were greatly accelerated in both 

Dmp1+/- and Dmp1-/- backgrounds, with no differences between groups lacking 

one or two Dmp1 alleles [4; reviewed in 5]. Indeed, all tumors from Dmp1+/- 

mice retained and expressed the wild type Dmp1 allele, and most expressed 

wild type Dmp1 mRNA and protein without inactivating mutation in both 

dimethylanthracene - treated mice and oncogene - transgenic cross, suggesting 

typical haploinsufficiency of Dmp1 in tumor suppression [4, 64, 65]. 

We recently characterized the signaling pathway between HER2/neu (Figure 

4B) or cyclin D1 and Dmp1 using MMTV-neu or MMTV-cyclin D1 (T286A) 

mice as a model [57, 65]. Both Dmp1 and p53 were induced in pre-malignant 

hyperplastic lesions from MMTV-neu* (mutant) mice, and mammary 

carcinogenesis was significantly accelerated in both Dmp1+/- and Dmp1-/- 

animals [65]. We also showed that constitutive expression of Dmp1α delayed 

HER2/neu-induced mammary tumorigenesis [58]. All of the mammary tumors 

from Dmp1+/-; neu* mice retained the wild type Dmp1 allele (Figure 4B, left), 

and expressed the protein at levels less than 30% of those in Dmp1wtND; neu* 

(i.e., wild type neu tumors without Dmp1 deletion) [Figure 4B, right, ref. 65]. 

We also observed selective deletion of Dmp1 in >50% of wild type neu* 

mammary tumors (hemizygous Dmp1 deletion: HD) while the involvement of 

Arf, Mdm2, or p53 was rare [65]. Tumors from Dmp1-deficient mice showed 

significant downregulation of Arf and p21Cip1, showing p53 inactivity and 

more aggressive phenotypes than tumors without Dmp1 deletion [65]. 

Selective Dmp1 deletion was also found in 21% of the MMTV-D1 and 

D1T286A mammary tumors and the Dmp1-heterozygous status significantly 

accelerated mouse mammary tumorigenesis with reduced apoptosis and 

increased metastasis [57]. Thus our study shows the pivotal roles of Dmp1 in 

HER2/neu-p53 and cyclin D1-p16Ink4a-Rb signaling and mammary tumor 

development. 



 

 

 

Figure 4. Haploid insufficiency of Dmp1 in tumor suppression. 



 

A. Tumor development in E-Myc TG mice [modified with permission from ref. 4]. 

Left: Tumor-free survival of Eμ-Myc TG animals of the indicated Dmp1 genotypes. The disease-free survival was significantly 

shortened in both Dmp1+/- [box] and Dmp1-/- [triangle] mice (both p <0.001 as compared to that of Dmp1+/+;Eμ-Myc [diamond] 

mice) without significant difference between the two cohorts. 

Right: Both Dmp1 RNA and protein were detected by RT-PCR and immunoblotting, respectively, using -actin as an internal control. 

Sequencing analyses showed no mutations within the DNA-binding domain for Dmp1. The Dmp1 protein was expressed in tumors 

from Dmp1+/- mice (~50% of that in Dmp1+/+), but was undetectable in some of them (K2483* and K 2304*). 

B. Tumor development in MMTV-neu mice [modified with permission from ref. 65]. 

Left: Tumor-free survival of MMTV-neu (mutant) mice of the indicated Dmp1 genotypes. The ErbB2/neu gene is activated by point 

mutation in rat neu but an aberrant splicing in human breast cancer [127]. The disease-free survival was significantly shortened in 

both Dmp1+/- [box] and Dmp1-/- [triangle] in comparison to Dmp1+/+ [diamond] mice (p < 0.001) without significant difference 

between the two cohorts. Genomic DNA PCR shows retention of the wild type allele in all mammary tumors from Dmp1+/- mice, 

showing haploinsufficiency. 

Right: Western blotting analyses of MMTV-neu mammary tumors for Dmp1 using actin as an internal control. The Dmp1 protein 

expression was 2-16 folds higher in tumors from Dmp1 wild type mice than normal mammary glands (Dmp1+/+ MMG from a 15-

week-old non-lactating female), reflecting the Dmp1 promoter activation by HER2/neu. HD means spontaneous hemizygous 

deletion of the Dmp1 locus in tumors from Dmp1+/+;MMTV-neu* mice. ND: no deletion. The protein expression levels were ~50% 

in HD tumors as compared with of those in ND tumors. The Dmp1 protein expression levels in Dmp1+/-;MMTV-neu* mice were 

~25% of that in Dmp1+/+;MMTV-neu* ND (no deletion) mice suggesting additional mechanism of destabilization of the protein in 

these tumors; however this is not important for tumor development since the survival curve for Dmp1+/-; MMTV-neu* mice was 

overlapping with that of Dmp1-/-; MMTV-neu* mice [65]. See ref. 132 for a general review for MMTV-driven mouse models. 
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Haplo-insufficient TSGs have been studied mainly in mice using gene-

knockout mice than humans simply because it is easier to create artificial gene 

deletion models (homozygous or heterozygous deletion) in mice and conduct 

tumor development assays than analyzing numerous human cancer specimens 

where tissue availability can be an issue. Another hurdle to demonstrate the 

haploinsufficiency of a particular TSG in human cancers is a technical issue. 

The human DMP1 (hDMP1; hDMTF1) gene is located on chromosome 7q21, 

a region often deleted in human breast/lung cancers and hematopoietic 

malignancies [66-68]. Bodner et al. reported that the hDMP1 locus was 

hemizygously deleted in all of 7q- leukemia/lymphoma specimen regardless of 

the results for the detailed cytogenetic analysis [68]. We analyzed 51 human 

non-small cell lung carcinoma samples and found that LOH of hDMP1 was 

present in ~35% of lung cancers, which happened in a mutually exclusive 

fashion with that of INK4a/ARF and/or p53 in the same samples [64, 69]. LOH 

here means loss of one of the two genomic signals present in normal cells [64, 

69]; thus our definition of LOH is different from loss of the mutant allele in 

tumor cells in classical TSGs. This raised the possibility that hemizygous 

hDMP1 deletion might define a new disease entity with different response to 

therapy [70]. We then analyzed 110 pairs of normal and tumor tissues from 

breast cancer patients for LOH of hDMP1, INK4a/ARF, p53 and gene 

amplification of Hdm2 to study the frequency and prognostic value for each 

genetic alteration. LOH of the hDMP1 locus was found in 42% of human 

breast carcinomas, while those of INK4a/ARF and p53 were found in 20% and 

34%, respectively. Hdm2 amplification was found in 13% of the same sample, 

which was found independently of LOH for hDMP1. Again, LOH for the 

hDMP1 locus was found in mutually exclusive fashion with that of INK4a/ 

ARF and p53, and was associated with low Ki67 index and diploid karyotype 

[71]. Consistently, LOH for hDMP1 was associated with luminal A category 

and longer relapse-free survival, while that of p53 was associated with non-

luminal A and shorter survival. Detailed LOH analyses with 10 independent 

primer sets showed that selective deletion of hDMP1 was found in 79%  

of breast cancer [71] and 94% of lung cancer [64] indicating haploid 

insufficiency of hDMP1 in suppressing human cancers. 

The human DMP1 locus encodes two other splice variants, namely 

DMP1β and γ, and our recent study indicates that the splice variant DMP1 

protein is overexpressed in more than half of human breast cancers, and has 

oncogenic activity in vivo [72]. Although it blocks the activity of DMP1 

[73], it has a p53-independent functions as well [72; reviewed in 74, 75]. Since 
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half of the DMP1 protein overexpression occurred simultaneously with LOH 

of the hDMP1 locus in breast cancer [72], it was expected that these two 

events might synergize to lower the tumor-suppressive activities of DMP1 to 

less than 50% of those in wild type cells, which should be analyzed in detail. 

The function of the third transcript DMP1 should also be analyzed in vivo 

through creation of transgenic mouse models. 

 

 

ARF 
 

CDKN2A (INK4a/ARF) is frequently disrupted in various types of human 

cancers, and germline mutations of this locus can confer susceptibility to 

melanoma and other tumors [76, 77]. Genetic disruption of p19Arf alone 

predisposes mice to tumorigenesis, demonstrating that Arf is a tumor-

suppressor gene in mice [16]. Arf is a classical TSG in an E-Myc B cell 

lymphoma model because tumor development is extremely accelerated in Arf-/- 

mice (7 weeks) in comparison to Arf+/- (11 weeks) or Arf+/+ (30 weeks) mice, 

and because 80% of lymphomas from Arf+/- mice lost the wild type allele [78]. 

Krimpenfort et al. specifically mutated p16Ink4a and demonstrated that these 

mice, designated Ink4a*/*, did not show a significant predisposition to 

spontaneous tumor formation within 17 months [79]. Murine embryonic 

fibroblasts (MEFs) derived from them proliferate normally, were mortal, and 

were not transformed by oncogenic H-Ras alone [79, 80]. The very mild 

phenotype of the Ink4a*/* mice indicated that the very strong phenotypes of the 

original Ink4a/Arf2,3 mice [79] were primarily due to loss of Arf. Of note, 

Ink4a*/2,3 mice that were deficient for Ink4a and heterozygous for Arf 

spontaneously developed a wide spectrum of tumors, including melanoma 

[79]. Those tumors expressed Arf demonstrating haploinsufficiency of Arf in 

the absence of Ink4a (Table 1). Arf haplo-insufficiency was also demonstrated 

in E-Myc lymphomas where loss of one allele of Arf rescued protracted 

lymphoma development in Mdm2+/-; E-Myc TGs [81]. 

The inv(16) is one of the most frequent chromosomal translocations 

associated with acute myeloid leukemia (AML) and creates a chimeric fusion 

protein CBF/MYH11 [82]. The ARF tumor suppressor is transactivated by 

the AML1 protein (see below), suggesting that the inv(16) fusion protein may 

repress ARF expression. Moreno-Miralles et al. established a murine bone 

marrow transplant model of the inv(16) in which wild type, Arf+/-, and Arf-/- 

bone marrow cells were engineered to express the inv(16) fusion protein [82]. 
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Its expression was sufficient to induce a myelomonocytic AML even in wild 

type bone marrow, yet deletion of only a single Arf allele greatly accelerated 

the disease, indicating that Arf is haploinsufficient for the induction of AML in 

the presence of the inv(16) [82]. These reports indicate that even a classical 

tumor suppressor behaves like a haploinsufficient TSG when combined with 

other genetic alterations, which can happen frequently in human malignancies. 

 

 

AML1:CBF 
 

The core-binding factor (CBF) is a heterodimeric transcription factor 

complex that consists of 3 distinct DNA-binding CBFβ subunits (RUNX1, 2, 

and 3), and a common CBF subunit, which does not bind to DNA [83-87]. 

RUNX1 was the first CBF gene to be isolated and has been known as AML1, 

PEBPA2B, or CBFA2. The binding affinity of AML1 subunit to the DNA 

promoter sequences is significantly increased by its association with CBF, 

protects AML1 subunit from proteolysis. Core-binding factor acute myeloid 

leukemia (AML) is cytogenetically defined by the presence of t(8;21) 

(q22;q22) or inv(16)(p13q22)/t(16;16)(p13;q22), producing AML1-ETO [83-

86] and CBF/MYH11 [87] chimeric proteins, respectively, both contributing 

to leukemogenesis [85-87]. In both subtypes, the cytogenetic rearrangements 

disrupt genes that encode subunits of core-binding factor, a transcription factor 

that functions as an essential regulator of normal hematopoiesis. The 

t(3;21)(q26;q22) translocation, which is one of the consistent chromosomal 

abnormalities found in blastic crisis of chronic myelocytic leukemia, is 

thought to play an important role in the leukemic progression of CML to an 

acute blastic crisis phase. The AML1 gene was also rearranged by the 

t(3;21)(q26;q22) translocation producing the AML1-Evi1 fusion protein [88], 

which leads to dysplastic hemopoiesis in vivo [89]. Lineage determinant  

Runx proteins organize and assemble multi-protein complexes at sites  

of transcription within the nucleus and regulate both RNA polymerase II-  

and I-mediated gene expression [90]. In addition, Runx proteins  

epigenetically control lineage determining transcriptional programs including: 

1) architectural organization of macromolecular complexes in interphase,  

 

 

 

 



Kazushi Inoue and Elizabeth A. Fry 102 

2) regulation of gene expression through bookmarking during mitosis, and  

3) microRNA-mediated translational control in the interphase nucleus. These 

mechanisms are compromised in the onset and progression of leukemias with 

altered RUNX proteins [90]. 

Null mutations in mouse AML1 or CBF results in mid-gestational 

lethality with a complete lack of fetal liver hematopoiesis [91, 92]. Thus the 

AML1:CBF transcription factor complex is essential for hematopoiesis. Cai 

et al. examined the consequences of AML1-loss in hematopoietic stem cells 

(HSC) of the mouse embryo, and demonstrated an absolute requirement for 

AML1 in functional HSCs [93]. Moreover, single allelic loss of AML1 resulted 

in a dramatic change in the distribution of HSCs, leading to their early 

appearance in the aorta-gonad-mesonephros region and the yolk sac. The 

effect of AML1 dosage on adult hematopoiesis was studied by comparing the 

hematopoietic systems of AML1+/- and AML1+/+ mice [94]. Sun et al. reported 

that AML1+/- bone marrow had an increase in multilineage and lineage-

restricted progenitors [94]. They also showed that even though AML1+/– mice 

had a decrease in the number of long-term repopulating hematopoietic stem 

cells, the engraftment levels were increased. These data demonstrate a dosage-

dependent effect for AML1 in regulating the quantity of HSCs and their 

downstream lineage-committed hematopoietic progenitors [94]. 

Although AML1+/- mice are genetically comparable models with human 

FPD/AML, they do not develop spontaneous leukemia. To induce additional 

genetic alterations, retroviral insertional mutagenesis was performed with the 

use of BXH2-TG mice, which develop myeloid leukemia because of the 

random integration of retrovirus [95]. Heterozygous disruption of AML1 in 

BXH2-TG mice resulted in a shortening of the latency period for developing 

leukemia. Moreover, the c-Kit gene that is frequently mutated in human 

RUNX leukemias was recurrently activated in BXH2-TG; AML1+/- mice, and a 

colony forming assay revealed synergism between monoallelic loss of AML1 

and c-Kit overexpression. Thus, the BXH2-TG; AML1+/- system is an excellent 

mouse model to study the mechanism of leukemogenesis in familial platelet 

disorder (FPD)/AML patients (Table 1). 

Linggi et al. identified the p14ARF tumor suppressor as a direct 

transcriptional target of AML1-ETO, the product of t(8;21) frequently found 

in AML [84]. Of note, AML1 stimulated p14ARF transcription (Figure 3)  
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and induced phenotypes consistent with cellular senescence, which was 

antagonized by AML1-ETO [96]. This explains why p53 is not mutated in 

t(8;21)-containing leukemias. 

FPD that predisposes to AML is an autosomal-dominant disease 

characterized by platelet defects, which tends to result in AML [97]. 

Mutational analysis of candidate genes on chromosome 21q revealed non-

sense mutations or intragenic deletion of one allele of AML1. Analysis of 

blood cells from affected FPD/AML patients showed a decrease in 

megakaryocyte colony formation, demonstrating that AML1 dosage affects 

megakaryopoiesis [98]. Hence haploinsufficiency of AML1 is a pre-neoplastic 

condition that leads to acute leukemia in humans as well [98]. 

 

 

EGR1 AND 5Q- 
 

The Early growth response 1 (Egr1) gene encodes a zinc-finger 

transcription factor of 59,000 Daltons that activates transcription by binding to 

DNA as a monomer [99-101]. Depending on the cell type and the stimuli, 

EGR1 induces the expression of growth factors, growth factor receptors, 

proteins involved in the regulation of cell growth, differentiation, apoptosis, 

and extracellular matrix proteins. Because the consensus sequences for SP1- 

and EGR1-binding overlap, EGR1 often displaces SP1 from gene promoters; 

thus EGR1 competes with SP1 that is involved in the constitutive expression 

of housekeeping genes [so called ‘SP box’] and others. 

The deletion of part of the long arm of chromosome 5 [del(5q)], is the 

most common chromosomal abnormality in primary myelodysplastic 

syndromes (MDS) and therapy-related myeloid neoplasms (t-MNs; ref. 21). 

Mouse models have implicated heterozygous loss of APC, DIAPH1, EGR1, 

and NPM1 in the pathophysiology of MDS with del(5q) [102]. To study 

whether loss of Egr1 is an initiating event in the pathogenesis of AML/MDS, 

Egr1-knockout mice were treated with ENU to induce cooperating mutations 

[103]. Both Egr1+/- and Egr1-/- mice treated with ENU developed T-cell 

lymphoma or a myeloproliferative disorder (MPD) at increased rates and with 

shorter latencies than those of wild type littermates (Table 1). Of note, biallelic 

inactivation of Egr1 was not observed in MPDs in Egr1+/- mice, suggesting 

that haploinsufficiency for Egr1 plays a role in murine leukemogenesis, and 

also in the development of AML/MDS with the alteration of chromosome 5. 

It has been reported that loss of p53 activity, through mutation or deletion, 

is highly associated with t-MNs with a del(5q) [104-106]. Stoddart et al. 
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reported that loss of one copy of Egr1 or p53 in an Apcdel/+ background 

accelerated the development of a macrocytic anemia with monocytosis, early 

features of t-MN [106]. The development of Apcdel/+-induced anemia was 

significantly accelerated by treatment of mice with the alkylating agent ENU 

regardless of the genomic status of Egr1 and Tp53 demonstrating that the 

anemia was cell-extrinsic (i.e., caused by microenvironmental change). These 

data emphasized the synergistic role of cell intrinsic and extrinsic factors in the 

pathogenesis of t-MN, and raised awareness of the deleterious effects of 

cytotoxic therapy on the stromal microenvironment [106]. Stoddart et al. also 

showed that loss of p53 in combination with mono-allelic loss of Egr1 

increased the rate of development of hematologic malignancies, but not overt 

myeloid leukemias [107]. Cell intrinsic loss of p53 in Egr1+/-; Apc+/- 

hematopoietic cells led to the development of AML in 17% of mice [107, 

Table 1]. Thus, loss of p53 activity in cooperation with Egr1 and Apc 

haploinsufficiency creates an environment that predisposes to the development 

of AML. 

 

 

TGFTGFR, AND SMAD4 
 

Transforming growth factor- (TGF) is a cytokine that controls cell 

proliferation and differentiation. It is involved in both inflammatory disorders 

and cancer. TGFβ acts as an anti-proliferative factor in normal epithelial  

cells at early stages of oncogenesis while it stimulates cell proliferation at 

advanced stages [108, 109]. Haploinsufficiency of TGF in tumor 

suppression was shown by the tumor predisposition of TGF+/- mice [11]. 

However, because TGF is a secreted protein, its tumor-inhibitory effect 

depends on its expression in the whole animal, thus the mechanism for 

haploinsufficiency cannot be discussed within a single cell. 

TGFβ dimers bind to a type II receptors which recruits and phosphorylates 

a type I receptor (Figure 5). The type I receptor then recruits and 

phosphorylates a receptor-regulated SMAD (R-SMAD; Smad 1, 2, 3, 5, 8/9). 

The R-SMAD then binds to the common SMAD:SMAD4 (also called DPC4) 

and forms a heterodimeric complex (Figure 5). This complex then enters the 

cell nucleus where it acts as a transcription factor for various genes to activate 

the mitogen-activated protein kinase 8 pathway, which triggers apoptosis. 
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Figure 5. Signaling pathways involving TGF, Smad4, and Lkb1. 

The solid lines represent the plasma membrane, and the discontinuous lines show the nuclear 

membrane. TGF binds to two distinct receptor types, known as type I and type II. Both type I 

and type II receptors contain serine/threonine kinase domains in their intracellular portions. The 

type II receptor kinases are constitutively active. When they bind to the ligand, they form hetero-

tetrameric complexes composed of two molecules each of type I and type II receptors. In the 

hetero-tetrameric receptor I and II complexes, type II receptor kinases transphosphorylate the GS-

domain of type I receptor, which, in turn, phosphorylate intracellular substrates. Smad proteins 

are major signaling molecules acting downstream of the serine/threonine kinase TGF receptors. 

Smads are classified into three subclasses, i.e., receptor-regulated Smads (R-Smads), common-

partner Smad (co-Smad: Smad 4), and inhibitory Smads (I-Smads). 

After activation of TGF RI, the signal activates Smad2 and Smad3 proteins bound to the receptors, by 

phosphorylation of their C-terminal (SXS motif) residues. The next step is formation of a 

functional trimeric complex by phosphorylated R-Smad and Smad4, and then this complex is 

translocated to the nucleus, where it regulates the transcription of TGF1-dependent genes; thus 

Smads have the activity of transcription factors. The activity of TGF signaling pathway is 

regulated by a negative regulatory feedback loop mediated by I-Smads (Smads inhibitors): Smad 

6 and 7. They are able to interact with membrane receptors by forming stable complex with 

activated TGFRI, and thus impairing their interaction with the R-Smad (inhibition of their 

phosphorylation). Smad7 expression is induced by TGF, leading to inhibition of the cellular 

response to this cytokine. Smad7 has been shown to promote recruitment of E3 ubiquitin ligases, 

including Smad ubiquitin regulatory factors (Smurf1/2) into the receptor complex Binding of 

Smad7 and Smurf to the receptor complex also results in competitive inhibition of Smad2/3 

binding to TGFβRI. Direct Interaction of Ski with either Smad3 or Smad4 is necessary and 

sufficient for Ski-mediated repression of TGFβ signaling [133]. 

Lkb1 is a well-studied tumor suppressor kinase that regulates cell growth and polarity. It encodes a 

serine-threonine kinase that directly phosphorylates and activates AMPK, a central metabolic 

sensor [134]. Lkb1 is capable of phosphorylating Smad4 on its DNA-binding domain, 

inhibitingSmad4 from binding to eitherTGF- or bone morphogenetic protein-specific promoter 

sequences, thereby Smad4-dependent transcription [135]. Lkb1 activates AMPK and send signals 

to Foxo3, Tsc1/2, p53, fatty acid synthase, and other molecules, which enforces metabolic 

checkpoints for regulating cell growth and metabolism. 
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The TGF signaling pathway is frequently altered in colorectal cancer. 

Zheng et al. crossed Tgfbr1+/- mice with ApcMin/+ mice, and showed that 

Tgfbr1+/-; ApcMin/+ mice developed twice as many intestinal tumors as 

Tgfbr1+/+; ApcMin/+ mice without losing the wild type Tgfbr1 locus [110]. 

Decreased Smad2/3 phosphorylation, increased cyclin D1 expression, and 

cellular proliferation were observed in the colonic epithelium crypts of 

Tgfbr1+/-; ApcMin/+ mice. Thus Tgfbr1 is haploinsufficient for tumor 

suppression and provides a molecular mechanism for colorectal cancer 

development in individuals with constitutively altered TGFβR1 expression 

[110, Table 1]. 

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of 

cancer death in the United States with a median survival of <6 months [111]. 

KRAS mutation is a hallmark of PDAC but remains an intractable 

pharmacologic target [112]. TGFβ signaling plays critical role in PDAC 

progression since SMAD4 is deleted or mutated in 55% and the TGFβR2  

gene is altered in a smaller subset of human PDAC [113]. Pancreas-specific 

Tgfβr2 knockout mice have been generated, alone or in combination of active 

Kras (KrasG12D) expression driven by the pancreatic transcription factor  

1a. Pancreas-specific KrasG12D activation alone generated only intraepithelial 

neoplasia within 1 year [113]. Conversely, both Tgfβr2-/-; KrasG12D  

and Tgfβr2+/-; KrasG12D developed PDAC, which demonstrated a 

haploinsufficiency of TGF signaling in PDCA prevention (Table 1). 

Smad4+/- mice begin to develop polyposis in the fundus at 6-12 months 

old, and in the duodenum and cecum in older animals. With increasing age, 

polyps in the antrum show sequential changes from hyperplasia to full 

adenocarcinoma. However, loss of the remaining wild type allele was detected 

only in later stages of tumor progression, suggesting that mono-allelic loss of 

Smad4 is sufficient for tumor progression [114]. Alberici et al. [115] 

subsequently reported that haploinsufficiency of Smad4 underlies tumor 

initiation in the gastrointestinal tract, which was sufficient to affect tumor 

progression both prior to and upon loss of Apc function (Table 1). 

Oncogenic Kras initiates pancreatic tumorigenesis, while subsequent 

genetic events shape the resultant disease. Izeradjene et al. showed that 

concomitant expression of KrasG12D and haploinsufficiency of the 

Smad4/Dpc4 TSG induced a distinct class of pancreatic tumors, mucinous 

cystic neoplasms (MCNs), which developed into invasive ductal 

adenocarcinomas [116]. Progression of MCNs was accompanied by LOH of 

Smad4 and mutation of either p53 or p16Ink4a. Thus, these distinct phenotypic 
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routes to invasive adenocarcinoma nevertheless share the same overall 

mutational spectra [116]. 

 

 

RESEARCH IN PROGRESS AND FUTURE DIRECTIONS 
 

Haploinsufficiency of TSGs has been demonstrated mostly in mouse 

knockout models [18, 117], but analyses of human cancer specimen have also 

been performed in some cases. For instance, hemizygous loss of hDMP1 was 

reported in 35-42% of lung and breast cancers [64, 71] with proof in mouse 

models [64, 65]. Since the wild type allele is retained without mutation or 

promoter hypermethylation in haploinsufficient TSGs, characterization of 

human cancer specimen for candidate haploinsufficient TSG, esp. for 

mutational analyses and the expression of the wild-type mRNA from the wild 

type locus, will be essential before an attempt to re-activate the wild type locus 

for novel cancer therapies.  

The outstanding question for haploinsufficient TSG research is the 

molecular genetic mechanisms that explain the phenotype. In case of p27Kip1, 

tumors from p27Kip1+/- mice express ~50% of the protein in comparison to 

p27+/+ tumors, indicating that it is a typical haploinsufficient TSG [2]. In both 

p27 and Pten, tumor development was accelerated in TSG+/- mice than in TSG-

/- indicating that the tumor-prone phenotype was obligatory [9]. In case of E-

Myc tumors in Dmp1 knockout mice, Dmp1+/- lymphomas expressed ~50% of 

the wild type protein, suggesting that it a typical case of haploid insufficiency 

[4]. However, it is not an obligatory haploinsufficiency since there was no 

significant difference in tumor-free survival between Dmp1+/- and Dmp1-/- 

mice [4; see 64, 65 for different models]. In case of p53 knockout mice, it was 

shown that p53+/- cells express only 25% of wild type mRNA and protein, 

which could explain the acceleration of tumor development in p53+/- mice 

without losing the wild type allele [12, 48]. Likewise, the protein expression 

level in Dmp1+/-; MMTV-neu tumors was ~25% as compared to those in 

Dmp1+/+; MMTV-neu tumors [65]. Thus these are representative cases of ‘one 

and a half’ inactivation of the TSG loci. We have put both of these TSGs in 

the category of non-classical, haploinsufficient TSGs.  

In the latter case of ‘one and a half inactivation’, it is reasonable to 

speculate that some unknown mechanisms may co-exist to lower, but they do 

not completely eliminate the expression of wild type tumor suppressive protein 

in TSG+/- tumors. Indeed, our recent study showed that the levels of Dmp1 and 

Arf mRNAs in Dmp1+/- lungs were only 30 and 15%, respectively, of those in 
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Dmp1+/+ tissues [118]. One possible mechanism for these findings is that the 

transcription for the Dmp1 promoter is decreased in Dmp1+/- tissues through 

disruption of auto-regulation since the genomic locus has multiple Dmp1-

binding consensus sequences. The second possibility for the decreased 

expression (i.e., less than 50%) of mRNA/protein in haploinsufficient TSG+/- 

tissues is accelerated degradation of the mRNA/protein, the former of which 

may be mediated by microRNAs that bind to the 3’ non-coding region. In fact, 

bioinformatics analysis of haploinsufficient genes for variations in their 3′UTR 

showed that the occurrence of SNPs result in the creation of new binding sites 

for miRNAs [20]. Thus haploinsufficiency of TSGs can be driven by the 

cumulative effect of miRNAs, miRNA-binding-site polymorphisms, and 

miRNA polymorphisms. The third possibility is aberrant splicing of the locus 

that generates transcripts that block the activities the wild type TSG, which 

can co-exist with mono-allelic loss of the wild type allele locus of the TSG 

[72, 74]. In p63/p73, oncogenic splicing variants that lack the N-terminal 

sequences are often overexpressed in tumors and are associated with poor 

prognosis [119]. The mechanisms for degradation of haploinsufficient TSG 

protein products should be investigated since reversal for such process(es) can 

lead to a novel therapy of cancer. 

This chapter focused on TSGs that are close to our research fields. We 

could not review other important haploinsufficient TSGs (e.g., PTEN, LKB1, 

NF1, DOK2, NPM, RPS14, or NKX2-1/TTF-1) due to limitations. Please refer 

to other reviews [9, 120-123] if you are interested in these molecules. 
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ABSTRACT 
 

A respiratory distress in neonates developed from various reasons is 

characterized by a reduced ability or an inability to supply gas exchange. 

This situation may originate from a prematurity and an insufficient 

synthesis of a pulmonary surfactant, i.e., respiratory distress syndrome 

(RDS) in preterm neonates. Another reason is represented by a secondary 

inactivation of the surfactant in the term neonates, e.g., from bacterial 

endotoxins in pneumonia or from aspiration of a meconium. To find out 

an appropriate treatment, a special in vivo testing in the laboratory 

conditions is necessary. The models of the mentioned clinical situations 

provide new information on the pathophysiology of the disorders. 

Furthermore, they offer unique possibilities to test novel therapeutic 

approaches in the conditions very similar to the respective clinical 

syndromes. 

                                                           
 Corresponding author information (for footnote): mokra@jfmed.uniba.sk. 
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ABBREVIATIONS 
 

A-a DO2 Alveolar-arterial oxygen difference 

ALI Acute lung injury 

ARDS Acute respiratory distress syndrome 

BAL Bronchoalveolar lavage fluid 

FiO2 Fraction of inspired oxygen 

HCl Hydrochloric acid 

IFNγ Interferon gamma 

IgM Immunoglobulin M 

IL Interleukin 

LBP Lipopolysaccharide binding protein 

LPS Lipopolysaccharide 

MAS Meconium aspiration syndrome 

MPO Myeloperoxidase 

NF-κB Nuclear factor kappa-B 

NO Nitric oxide 

PaCO2 Arterial partial pressure of carbon dioxide 

PaO2 Arterial partial pressure of oxygen 

PEEP Positive end-expiratory pressure 

PIMs Pulmonary intravascular macrophages 

PMN Polymorphonuclears 

RDS Respiratory distress syndrome 

SpO2 Oxygen saturation of hemoglobin 

TNFα Tumor necrosis factor alpha 

VILI Ventilator-induced lung injury 

 

 

1. INTRODUCTION 
 

An “acute lung injury” (ALI) and its more severe form “acute respiratory 

distress syndrome” (ARDS) represent life-threatening situations which can 

result from various reasons and occur in all age groups. These syndromes are 

characterized by a diffuse alveolar injury, a formation of lung edema, an 

inflammation, and a ventilation-perfusion mismatch. The mentioned changes 

finally lead to a decline in the lung compliance and in a profound hypoxemia 

(Ware and Matthay 2000). 
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An incidence of ARDS in adults varies between 30-80 per 100.000 

population due to a regional genetic variability, a quality of health care as well 

as due to differences in the methodology and diagnostic criteria (Li et al. 2011, 

Villar et al. 2011, Standiford and Ward 2016). In newborns, the respiratory 

distress is also common, affecting up to 7% of all term newborns (Kumar and 

Bhat 1996) and is increasing with the prematurity. Although a significant 

progress in understanding the pathophysiology and the use of lung-protective 

ventilation techniques in adult patients has improved the situation, the 

incidence of ARDS is still relatively high (Standiford and Ward 2016). A 

similar situation with the respiratory distress can be observed in neonates, 

representing a serious therapeutic problem. 

The use of appropriate animal models of ALI/ARDS brings new 

information on the pathophysiology of the respiratory distress and provides a 

unique possibility to evaluate novel therapeutic approaches. Furthermore, 

results from the modeling the clinical syndromes in the laboratory conditions 

can be later effectively transferred to the clinical settings. 

 

 

2. ACUTE LUNG INJURY 
 

2.1. Definitions of Acute Lung Injury 
 

American-European Consensus Conference in 1994 (Bernard et al. 1994) 

postulated basic diagnostic criteria for clinical ARDS:  

 

 an acute hypoxemia, defined as a ratio of arterial partial pressure of 

oxygen (PaO2) and fraction of inspired oxygen (FiO2); for ARDS: 

PaO2/FiO2 is <200 mmHg (26.7 kPa), for ALI: PaO2/FiO2 between 

200 mmHg (26.7 kPa) and 300 mmHg (40 kPa) 

 bilateral infiltrates on chest X-ray 

 no increase in the pulmonary artery wedge pressure. 

 

The Berlin Definition released in 2012 considered following three 

categories of ARDS according to the severity of hypoxemia: mild (PaO2/FiO2 

200-300 mmHg), moderate (PaO2/FiO2 100-200 mmHg) and severe (PaO2/ 

FiO2 less than 100 mmHg) form of ARDS (ARDS Definition Task Force 

2012, Fioretto and de Carvalho 2013). 
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For experimental studies with artificially induced respiratory insufficiency 

and without other clinically relevant signs except of hypoxemia, the term 

“acute lung injury” is preferred.  

 

 

2.2. Risk Factors and the Etiopathogenesis of ALI 
 

ALI usually occurs from direct reasons, such as an aspiration of the gastric 

content, pneumonia, or inhalation of toxic gases as well as from indirect ones, 

which originate as a consequence of a serious systemic injury, e.g., in sepsis, 

severe trauma with shock, or pancreatitis (Table 1).  

 

Table 1. Risk factors of ALI/ARDS in adult humans (Modified according 

to: Ware and Matthay 2000, Mortelliti and Manning 2002,  

Saharan et al. 2010) 

 

Risk factors of ALI/ARDS 

Direct lung injury Indirect lung injury 

Often Often 

Pneumonia Sepsis 

Aspiration of gastric content Severe trauma with shock  

 Repetitive transfusions of blood 

products 

Rare Rare 

Lung contusion Acute pancreatitis  

Fat embolism Drug abuse 

Near-drawning Burns 

Inhalational injury (smoke, gases) Cardiopulmonary by-pass 

Reperfusion edema after lung 

transplantation or lung embolectomy 

Injury of head  

Disseminated intravascular 

coagulation (DIC) 

 

In neonates, the respiratory distress can result from a delayed removal of 

the pulmonary fluid after delivery (transient tachypnea of the newborn), an 

immaturity of the lung tissue and from an insufficient production of the 

surfactant in the preterm neonates (respiratory distress syndrome, RDS), from 

intrauterine or perinatal aspirations of the meconium (the first stools of the 

neonate) into the lung of the term or post-term neonates (meconium aspiration 

syndrome, MAS). Other etiopathogenetic reasons include an infection 
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(pneumonia, sepsis), nonpulmonary causes (e.g., congenital heart diseases), or 

a persistent pulmonary hypertension etc. (Hermansen and Lorah 2007, Reuter 

et al. 2014). In children and adults, the most frequent causes of ALI are 

represented by a pneumonia, an aspiration of gastric content, sepsis or trauma 

with a shock (Marraro et al. 2014, Orwoll and Sapru 2016).  

 

 

2.3. Pathophysiology and the Clinical Picture of ALI/ARDS 

in Adults and Children 
 

An acute (exudative) phase of ALI/ARDS is characterized by a diffuse 

injury of alveolar epithelial and/or endothelial cells leading to the formation of 

a lung edema and a ventilation-perfusion mismatch and finally to the worsened 

lung compliance and hypoxemia (Dushianthan et al. 2011, Donahoe 2011, 

Pierrakos et al. 2012). Activated neutrophils, alveolar macrophages and fixed 

lung cells increase the production of cytokines (especially of IL-1β, -6, -8, 

TNFα), proteases, and reactive oxygen species. These further potentiate the 

lung tissue injury (Cross and Matthay 2011). The acute phase is within several 

days followed by a fibroprolipherative phase with a various degree of fibrosis, 

neovascularization, and healing (Dushianthan et al. 2011, Donahoe 2011, 

Pierrakos et al. 2012).  

 

 

2.4. Pathophysiology and the Clinical Picture of ALI/ARDS 

in Neonates 
 

A presentation of the respiratory distress in neonates is very similar to that 

observed in adults. The most common cause of the neonatal respiratory 

distress is a transient tachypnea of the newborn constituting about 40% of all 

cases (Kumar and Bhat 1996). This benign condition occurs immediately after 

or within two hours after the birth due to a delayed removal of the lung fluid 

after delivery. A tachypnea and diffuse parenchymal infiltrates, a “wet 

silhouette” around the heart, or an intralobar fluid accumulation on the chest 

radiography disappear within several hours up to two days (Kurl et al. 1997).  

More severe form of the neonatal respiratory distress is a respiratory 

distress syndrome of the newborn, also called a hyaline membrane disease. 

This situation occurs in premature neonates due to the structural and functional 

lung immaturity, particularly in infants born before 28 weeks of gestation 

(Hermansen and Lorah 2007). Immature type II alveolar cells synthesize less 
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surfactant; this leads to an increased alveolar surface tension and decreased 

lung compliance. The resultant alveolar atelectasis causes a pulmonary 

vasoconstriction and a hypoperfusion. A proteinaceous fluid leaks through the 

injured alveolo-capillary membrane, clots and forms hyaline membranes. The 

persistent RDS leads to a bronchopulmonary dysplasia with typical chest 

radiography findings and chronic oxygen support (Koivisto et al. 2005). The 

clinical signs include hypoxia, cyanosis, grunting, retractions and other signs 

of the respiratory distress immediately after the birth. The chest radiography 

shows homogenous opaque infiltrates, air bronchograms and decreased lung 

volumes (Kurl et al. 1997). 

Meconium-stained amniotic fluid occurs in 10-15% of all deliveries; 

however, a meconium aspiration syndrome (MAS) can develop just in some of 

those cases (Cleary and Wiswell 1998). This situation is typical for the term 

and post-term infants. The meconium can be evacuated from intestine into the 

amniotic fluid due to a hypoxia or a fetal distress in utero. From the same 

reasons the meconium-stained amniotic fluid can be aspirated in utero or 

during the labor. Despite the meconium is usually sterile, its components can 

cause obstruction of the airways and trigger a dysfunction of surfactant, 

pneumonitis, a lung edema and a pulmonary vasoconstriction immediately or 

several hours after delivery. The chest radiography shows patchy atelectases or 

consolidations (Cleary and Wiswell 1998, Swarnam et al. 2012). 

Another reason for the respiratory insufficiency in neonates is a bacterial 

pneumonia. The infection is usually caused by group B Streptococci, 

Staphylococcus aureus, Streptococcus pneumoniae, and gram-negative enteric 

rods. The clinical picture may have various manifestations including signs of 

respiratory distress and a temperature instability. Contrary to previously 

mentioned situations, the pneumonia occurs hours to days after the delivery as 

the bacterial infection needs time to develop. The chest radiography can show 

bilateral infiltrates and pleural effusions (Hermansen and Lorah 2007). 

 

 

3. MODELS OF ALI 
 

Animal models provide an important bridge between the patients and the 

laboratory bench. Human studies bring fundamental descriptive information 

about the onset and the evolution of the pathophysiological and inflammatory 

changes in the lung. However, hypotheses about mechanisms of the injury 

have been difficult to test in humans but can be easily tested in the animals. 

The models of ALI reproduce the mechanisms and consequences of 
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ALI/ARDS in humans including the clinical, physiological, biological and 

pathological changes (Matute-Bello et al. 2008) (Table 2). 

Nevertheless, while in humans the criteria for ALI are well defined, these 

cannot be directly translated to experimental animals. From this reason, an 

Official American Thoracic Society Workshop concluded that the main 

features of the experimental ALI include: 

 

 a histological evidence of tissue injury, 

 an alteration of the alveolar capillary membrane, 

 a presence of an inflammatory response, 

 an evidence of the physiological dysfunction (Matute-Bello et al. 

2011, Table 3). 

 

Table 2. Features of the acute lung injury in humans 

(modified according to Matute-Bello et al. 2008) 

 

Clinical features Acute onset 

Diffuse bilateral alveolar injury 

Acute exudative phase 

Repair with fibrosis 

Physiological 

changes 

Ventilation/perfusion mismatching 

Increase in the intrapulmonary shunt fraction 

Severe hypoxemia 

Decreased lung compliance 

Impaired clearance of alveolar fluid 

Biological changes Increased endothelial and epithelial permeability 

Increase in extravascular lung water 

Increased concentrations of proinflammatory cytokines 

in the lung 

Activation of proteases 

Abnormalities of the coagulation 

Pathological changes Neutrophil infiltration of alveoli 

Intra-alveolar coagulation and deposition of fibrin 

(formation of hyaline membranes) 

Abnormalities of the pulmonary surfactant 

Injury to the alveolar epithelium with denudation of the 

basement membrane 
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Table 3. Features of the acute lung injury in experimental animals 

(according to Matute-Bello et al. 2011) 

 
Histological 

evidence of the 

tissue injury 

Very relevant 

Accumulation of neutrophils in the alveolar or the interstitial space 

Formation of hyaline membranes 

Presence of proteinaceous debris in the alveolar space (such as fibrin strands) 

Thickening of the alveolar wall 

Enhanced injury as measured by a standardized histology score 

 

Somewhat relevant 

Evidence of the hemorrhage 

Areas of atelectases 

Gross macroscopic changes as a discoloration of the lungs 

Alteration of the 

alveolar capillary 

membrane 

Very relevant 

Increase in the extravascular lung water content 

Accumulation of an exogenous protein or tracer in the airspaces or the extra 

vascular compartment 

Increase in the total bronchoalveolar (BAL) protein concentration 

Increase in the concentration of high molecular weight proteins in BAL fluid 

(e.g., albumin, IgM) 

Increase in the microvascular filtration coefficient 

 

Somewhat relevant 

Increase in the lung wet/dry weight ratio 

Translocation of a protein from the airspaces into the plasma 

Increased lung lymph flow 

High lymph protein concentration 

Inflammatory 

response 

Very relevant 

Increase in the absolute number of neutrophils in BAL fluid 

Increase in the lung myeloperoxidase (MPO) activity or protein concentration 

Increase in the concentrations of proinflammatory cytokines in the lung tissue 

or BAL fluid 

 

Somewhat relevant 

Increase in the procoagulatory activity 

Increased expression of adhesion molecules 

Conversion of the neutrophilic alveolitis into a mononuclear alveolitis  

Increase in the levels of complement factors and matrix metalloproteinases 

Evidence of the 

physiological 

dysfunction 

Very relevant 

Hypoxemia (PaO2 <60 mmHg or SpO2 <90%) 

Increased alveolar-arterial oxygen difference [(Aa)DO2] 

 

Somewhat relevant 

PaO2/FiO2 <200 

Increase in the spontaneous minute ventilation 

Increase in the spontaneous respiratory rate 
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To determine if ALI has occured in animals, the Workshop recommended 

that at least three of the four “main features” of ALI were to be identified. To 

determine if any of the main features of ALI are present, the Workshop 

recommended using at least one of the “very relevant” measurements listed in 

the Table 3, and preferably, one or two additional separate measurements to 

confirm the results. However, not all of the measurements listed should be 

performed in every study (Matute-Bello et al. 2011, Table 3).  

When modeling a human lung injury, the differences between the species 

should be considered. Matute-Bello et al. 2008 in their excellent article 

reviewed some unique characteristics of various animal species, i.e., the 

species differences in an innate immune response (differences in Toll-like 

receptors, in the mononuclear phagocyte system, in the production of nitric 

oxide, in chemokines and chemokine receptors) and the differences in animal 

sizes which might limit the value of the results obtained from the animal 

model. 

According to the primary target, the animal models of ALI can be divided 

into three main groups:  

 

 models with a primary dysfunction of the epithelium 

 models with a primary dysfunction of the endothelium 

 models with a dysfunction of both epithelium and endothelium 

(Matute-Bello et al. 2008). 

 

 

3.1. Animal Models with the Lung Epithelium  

as a Primary Target 
 

3.1.1. Model of the Surfactant Depletion Induced by a Saline Lavage 

The model of the surfactant depletion is usually performed in anesthetized 

animals (rabbits, pigs, dogs, sheep etc.) after a short period of stabilization 

(e.g., 15 min) during which the animal is ventilated with an oxygen (FiO2 1.0). 

The first measurement of respiratory parameters is done and blood samples are 

taken for a determination of the blood gases. The model of the surfactant 

depletion is induced by an instillation of a pre-warmed (37-39 °C) isotonic 

saline solution at the volume of 10-30 ml/kg through the endotracheal tube and 

its immediate suctioning. This procedure is repeated until a target degree of 

the hypoxemia, e.g., 200 mmHg (26.7 kPa) or 300 mmHg (40 kPa), is reached. 

The period of the restoration lasting several minutes should be left between the 

individual lavages. When the target hypoxemia is reached in the two 
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consecutive measurements 5 min and 15 min after the lavage, the model is 

considered to be prepared and the experiment continues with an administration 

of any pharmacological therapy or a use of any mode of the artificial 

ventilation (Rotta et al. 2001, Ronchi et al. 2011, Ronchi et al. 2012, Fioretto 

et al. 2012, Kosutova et al. 2016, Mokra et al. 2016). In several studies, a low 

amount of detergent, e.g., Tween 80 at a concentration of 0.2 or 0.5%, was 

added to further inactivate the pulmonary surfactant (Kobayashi et al. 1996, 

Musch et al. 2004). 

The saline lung lavage removes a significant portion of the lung 

surfactant. This leads to an increase in the alveolar surface tension and an 

impairment of the alveolar host defence (Matute-Bello et al. 2008, Wang et al. 

2008). The lung lavage facilitates the alveolar collapse and increases the 

likelihood of a mechanical injury to the alveolar walls during the repetitive 

opening and closure in the ventilation. These changes result in an immediate 

hypoxemia and increase of the A-a oxygen difference, as well as  

in an increased production of the lung edema, increased migration of 

polymorphonuclears (PMN) into the alveolar spaces and in elevated synthesis 

of pro-inflammatory cytokines (Rotta et al. 2001, Vangerow et al. 2001, 

Ronchi et al. 2011). In the histological investigation, the alveolar collapse 

changing with over distended regions and a peribronchial edema can be  

found. The alveolo-capillary membrane is thickened with a destruction and 

desquamation of epithelial and endothelial cells, with a necrosis of alveolar 

type I cells, and an injury to the basement membrane (Kuckelt et al. 1981, 

Imai et al. 2001).  

A disadvantage of this model is the fact that except of neonates, the 

surfactant depletion rarely occurs in the absence of a severe alveolar damage. 

The surfactant depletion in adults can be a consequence of the primary injury 

to the lung epithelium and an exudation of the protein-rich edema fluid into 

the alveolar spaces. Contrary, in the lung lavage model the surfactant depletion 

is the primary cause of the injury (Matute-Bello et al. 2008). The technical 

disadvantage of this model is that the animals require administration of a 

general anaesthesia, an insertion of a tracheal cannula and an artificial 

ventilation. Nevertheless, this model is an optimal possibility for the testing of 

different ventilation strategies (Matute-Bello et al. 2008). 

The model of the surfactant depletion by a repetitive saline lung lavage is 

particularly suitable for the simulation of an insufficient surfactant production 

and the lung injury observed in the premature neonates. Although in this 

model young-to-adult animals (particularly rabbits) are commonly used, this 

model is generally accepted for this purpose (Rotta et al. 2001, Ronchi et al. 
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2011, Ronchi et al. 2012, Fioretto et al. 2012, Kosutova et al. 2016, Mokra  

et al. 2016). The main advantage of this model is that the body weight, the 

diameter of the airways, and the lung compliance of rabbits are very close to 

those in the neonates. This allows a use of the artificial ventilation with 

comparable values of the ventilatory parameters as in neonates. Another 

advantage of this model is the possibility to obtain blood samples of a 

sufficient volume for measurement of blood gases and other parameters 

expressing the effectiveness of the used ventilation or other therapy 

repetitively during the experiment. On the other hand, in this model older 

animals than neonatal pups are usually used, what can limit the translational 

value of the results. 

In our studies, the lung lavage with the saline (at a dose of 30 ml/kg, 

repeated 6-12 times) worsened the gas exchange, decreased the lung 

compliance and increased the intrapulmonary shunting. The lavage procedure 

triggered a neutrophil migration into the alveolar compartment and induced an 

inflammation and lung edema formation (Table 4). 

 

Table 4. Changes in several inflammatory markers in the blood plasma 

and lung homogenate of healthy controls (Control) and saline-lavaged 

animals (LAV) 4 hours after the lavage (modified from Kosutova et al. 

2016, Mokra et al. 2016 and Mokra et al. in press) 

 

 Control LAV 

Wet-dry lung weight ratio 4.5 ± 0.1 6.0 ± 0.2*** 

Protein content in BAL (μg/ml) 308 ± 9 639.0 ± 16*** 

Total cell count in BAL (x 103/ml) 50.7 ± 10.0 677.5 ± 209.4** 

Neutrophils in BAL (%) 1.8 ± 0.3 67.8 ± 5.1*** 

Monocytes-macrophages in BAL (%) 97.1 ± 0.8 27.0 ± 5.3*** 

Eosinophils in BAL (%) 1.1 ± 0.3 5.3 ± 1.3** 

TNFα in lung (pg/ml) 293.1 ± 1.3 307.6 ± 0.4*** 

IL-1β in lung (pg/ml) 380.0 ± 46.7 688.1 ± 16.1*** 

IL-8 in lung (pg/ml) 438.5 ± 62.4 1144.7 ± 29.9*** 

IFNγ in lung (pg/ml) 688.4 ± 15.6 715.0 ± 4.2 

TNFα in plasma (pg/ml) 286.8 ± 1.0 291.6 ± 1.0* 

IL-1β in plasma (pg/ml) 15.2 ± 2.8 132.8 ± 32.0** 

IL-8 in plasma (pg/ml) 19.4 ± 4.1 207.1 ± 43.6** 

Abbreviations: BAL: bronchoalveolar lavage fluid, TNFα: tumor necrosis factor α, IL: 

interleukin, IFNγ: interferon gamma. For between-group differences: *P < 0.05, 

**P < 0.01, ***P < 0.001. 
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3.1.2. Model of the Lung Injury Induced by the Meconium 

The meconium, i.e., the first feces of the neonate, is a viscous, dark green-

black colored material which usually does not contain bacteria. Normally, the 

meconium is evacuated from the intestine within 2 days after the labor. 

However, due to an intrauterine stress (e.g., in fetal hypoxemia) or stimulation 

of nervus vagus the fetus increases the blood flow through the vitally 

important organs due to a vasoconstriction in the splanchnic circulation. 

Because of the ischemia of intestine, the meconium can pass into the amniotic 

fluid. In addition, the asphyxia stimulates respiratory movements of the fetus. 

The movements become irregular and while gasping the fetus can aspirate the 

amniotic fluid stained with the meconium. The meconium can be released into 

the amniotic fluid also in the post-term neonates, where the finding of the 

meconium-stained amniotic fluid without any symptoms of the respiratory 

distress can be considered as an indicator of the fetal maturation. The 

meconium-stained amniotic fluid can also be aspirated after the birth during 

first breaths (Cleary and Wiswell 1998, Klingner and Kruse 1999, Mokra and 

Mokry 2010). 

In the acute phase after aspiration, particles of the inhaled meconium 

cause a mechanical obstruction of the airways leading to an increase in the 

airway resistance, atelectases of alveoli distally from the place of the 

occlusion, to the increased right-to-left pulmonary shunt and resulting 

hypoxemia, hypercapnia, and acidosis (Tran et al. 1980). With a passage of the 

meconium to peripheral regions of the lungs, a collapse of alveoli and small 

airways can occur due to the dysfunction of the surfactant (Moses et al. 1991, 

Lopez-Rodriguez et al. 2011), decrease in the dynamic lung compliance (Tyler 

et al. 1978), and a development of the non-infectious (or chemical) pneumonia 

with a neutrophil-mediated inflammation and cell death due to the apoptosis 

and necrosis (Zagariya et al. 2000, Soukka et al. 2002, Vidyasagar and 

Zagariya 2008, Jeng et al. 2008, Mollnes et al. 2008, Salvesen et al. 2010, 

Kopincova and Calkovska 2016), These changes are usually dependent on the 

amount and period of an exposure to the meconium.  

The meconium consists of an amniotic fluid, desquamed epithelial cells, 

dermis, lanugo, vernix caseosa, mucus, bile acids and salts, bilirubin, 

cholesterol, free fatty acids, gastrointestinal enzymes including pancreatic 

phospholipase A2 etc. (Co and Vidyasagar 1990). Many of these substances 

can injure the lung cells and surfactant directly. They can induce the 

inflammatory response in the lung, or produce pulmonary vasoconstriction 

(Davey et al. 1993, Holopainen et al. 1998, Kuo and Chen 1999, Mokra and 

Calkovska 2013). As a result of the mentioned changes, the permeability 
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through the injured alveolocapillary membrane increases and a lung edema is 

formed. The asphyxia, oxidative stress, inflammation, and hemodynamic 

changes associated with the meconium aspiration can be further responsible 

for changes in distant organs, e.g., in the brain hippocampus (Castellheim et al. 

2005, Aaltonen et al. 2005a, Aaltonen et al. 2005b). 

The models of meconium aspiration syndrome (MAS) are usually 

performed in anesthesized animals by an intratracheal instillation of a 

suspension of the meconium. The meconium is taken from diapers of healthy 

neonates, is pooled and lyophilized in very low temperatures in a lyophilizator. 

The lyophilized meconium powder is then suspended in a normal pre-heated 

(37 °C) saline to a required concentration. According to the animal species and 

design of experiment, various combinations of meconium concentrations and 

dose volumes can be used.  

For instance, in adult rabbits an instillation of the meconium suspension 

with a concentration of 25 mg/ml and a dose of 4 ml/kg resulted in a serious 

worsening of the lung functions with a decrease in the lung compliance of 

45% of the initial value, increase in the right-to-left pulmonary shunts and 

significant inflammatory changes (Mokra et al. 2007, Mikolka et al. 2013, 

Mokra et al. 2015, Li et al. 2015). The instillation of the same dose of the 

meconium caused around 50% decrease in the lung compliance in adult rats, 

which was consistent till the end of the experiment (Sun et al. 1994). In adult 

rabbits (Hummler et al. 2001, Robinson and Roberts, 2002) and in piglets 

(Holopainen et al. 1999, Nakamura et al. 2000, Shekerdemian et al. 2004), 

higher concentrations of the meconium (20 or 25% of original concentration) 

in the lower volume (e.g., 3 ml/kg) can be also used. The above mentioned 

concentration (25 mg/ml) representing about 10% of the original concentration 

of the meconium creates a model of MAS with an accentuated alveolar 

component of the syndrome and with the predominant surfactant dysfunction 

and inflammation. Contrary, an instillation of higher concentrations of the 

meconium generates the model with an accentuation of the airway obstruction 

(Davey et al. 1993). Before an administration, the meconium suspension can 

be filtered through a gauze or a blotting paper to separate large meconium 

particles, or it can be delivered non-filtered. The later possibility resembles 

better the situation of the meconium aspiration in the neonates, however, it is 

associated with an increase in PaCO2 because of an airway obstruction by the 

meconium particles (Tyler et al. 1978, Sun et al. 1996, Sevecova-Mokra et al. 

2004, Mokra et al. 2016). 
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Table 5. Changes in several inflammatory markers in the blood plasma 

and lung homogenate of healthy controls (Control) and meconium-

instilled animals (MAS) 5 hours after the meconium instillation (modified 

from Mikolka et al. 2013, Mikolka et al. 2016 and Mokra et al. 2016) 

 

 Control MAS 

Wet-dry lung weight ratio 4.7 ± 0.2 6.5 ± 0.2*** 

Protein content in BAL (μg/ml) 308 ± 9 524.9 ± 50.7** 

Total cell count in BAL (x 103/ml) 221.7 ± 38.6 640.0 ± 141.0*** 

Neutrophils in BAL (%) 4.5 ± 3.1 69.0 ± 5.1*** 

Monocytes-macrophages in BAL (%) 94.0 ± 4.0 26.4 ± 4.5*** 

Eosinophils in BAL (%) 1.1 ± 0.9 2.9 ± 1.2** 

TNFα in lung (pg/ml) 294.4 ± 1.3 309.1 ± 0.4*** 

IL-1β in lung (pg/ml) 85.6 ± 15.3 258.6 ± 3.8*** 

IL-8 in lung (pg/ml) 460.3 ± 55.4 1195.1 ± 39.2*** 

IFNγ in lung (pg/ml) 665.9 ± 25.9 681.7 ± 21.0 

TNFα in plasma (pg/ml) 287.3 ± 0.6 313.3 ± 2.3*** 

IL-1β in plasma (pg/ml) 90.4 ± 19.5 126.8 ± 7.4* 

IL-8 in plasma (pg/ml) 20.3 ± 2.8 1179.8 ± 162.3*** 

Abbreviations: BAL: bronchoalveolar lavage fluid, TNFα: tumor necrosis factor α, IL: 

interleukin, IFN: interferon. For between-group differences: *P < 0.05,  

**P < 0.01, ***P < 0.001. 

 

Different animal species have been used for creation of MAS models. The 

use of neonatal animals immediately after the labor is of the biggest 

advantage, as these models simulate the aspiration of the meconium on the 

background of postnatal changes of the lungs from liquid-filled to air-filled 

organ (Sun et al. 1993). However, due to technical and ethical difficulties 

associated with this procedure, several days up to several weeks-old animals, 

e.g., piglets (Kuo and Chen 1999, Khan et al. 1999, Nakamura et al. 2000, 

Aaltonen et al. 2005a, Geiger et al. 2005), young rabbits (Krause et al. 1998, 

Vidyasagar and Zagariya 2008, Zagariya et al. 2010), rats (Cleary et al. 1997, 

Calkovska et al. 1999, Turhan et al. 2012), or rarely lambs (Rey-Santano  

et al. 2011) and mice (Khan et al. 2002) are used instead of animal pups 

immediately after the labor. On the other hand, utilization of several weeks-old 

or adult animals (particularly piglets and rabbits) can be advantageous. These 

models are to be considered, if different modes of the artificial ventilation are 

performed or treatments are delivered intratracheally, including the lung 

lavage with an exogenous surfactant etc. The benefit lies in the fact that piglets 
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and young or adult rabbits have similar size of the airways and similar body 

weight to those in the neonates (Sun et al. 1994, Sun et al. 1996, Chappell  

et al. 2001, Shekerdemian et al. 2004, Sevecova-Mokra et al. 2004, Mokra et 

al. 2007, Mikolka et al. 2013, Renesme et al. 2013, Mikusiakova et al. 2015, 

Mokra et al. 2016). 

In our studies, an instillation of the meconium suspension (25 mg/ml, 4 

ml/kg) significantly increased the number of cells (particularly neutrophils)  

in the bronchoalveolar lavage (BAL) fluid at the end of the experiment (5 

hours after the meconium instillation) compared to healthy controls. In 

addition, increased concentrations of pro-inflammatory cytokines in the lung 

homogenate and in the blood plasma as well as an increased protein content in 

the BAL fluid and higher wet-dry lung weight ratio were detected (Table 5). 

Furthermore, the meconium instillation triggered a significant oxidative stress 

leading to a severe peroxidation of lipids and proteins in the lung tissue 

(Mokra et al. 2015, Mikolka et al. 2016). 

 

3.1.3. Model of the Lung Injury Induced by a Hyperoxia 

Whereas it is generally agreed that high concentrations of the oxygen can 

produce or exacerbate a lung injury in humans, the hyperoxia is used as a 

direct cause of an injury in animal studies. The injury to lungs originates from 

an action of the reactive oxygen species derived from the oxygen or  

from interactions with other species, e.g., nitric oxide (NO) (Matute-Bello et 

al. 2008). An abundant production of free radicals leads to an oxidation of 

proteins and peroxidation of membrane lipids and nucleic acids. These 

changes result in an apoptosis and necrosis of the lung cells (Barazzone et al. 

1998), an increased translocation of NF-κB, and an elevated production of the 

pro-inflammatory cytokines (Shea et al. 1996).  

To create a hyperoxia model, animals are housed in a sealed cage with 

higher PO2. An exposure to the normobaric oxygen within 3-4 days leads to a 

generation of the exudative phase of ALI/ARDS with a damage to alveolar 

type I cells, necrosis of endothelial cells, interstitial and intraalveolar edema, 

an increased platelet adhesion and PMN accumulation (Crapo et al. 1980, 

Barry and Crapo 1985). In rats and mice, an exposure to the 100% oxygen for 

40-50 hours resulted in ALI and longer exposure (60-70 hours) resulted in a 

death (Barry and Crapo 1985, Matute-Bello et al. 2008). A survival after the 

O2 exposure is age-dependent whereas neonate animals were more tolerant to 

the hyperoxia. However, there were observed differences between the species. 

The tolerance was associated with an increase in the pulmonary concentrations 
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of antioxidant enzymes, such as manganese superoxide dismutase and 

glutathione reductase (Frank et al. 1977).  

A disadvantage of this model is the fact that the exposure of humans to the 

100% oxygen for up to 3 days does not result in a lung injury (Barber et al. 

1970). Another limitation of this type of the model is the requirement for a 

specialized equipment to ensure a delivery of appropriate O2 concentrations 

for longer time. 

 

3.1.4. Model of the Lung Injury Induced by a Mechanical Ventilation 

A mechanical ventilation, particularly the ventilation with excessive 

volumes or high pressures, can produce a lung injury and inflammation, which 

is called a ventilator-induced lung injury (VILI) (Dreyfuss and Saumon 1998). 

In the model of ALI induced by the mechanical ventilation, the overstretching 

of the alveolar walls results in endothelial and epithelial breaks and interstitial 

edema (Fu et al. 1992). Detachments of the endothelial cells from the 

basement membrane, death of the epithelial cells and denuding the basement 

membrane can be detectable within half an hour of the excessive ventilation 

(Dreyfuss et al. 1985). These changes are accompanied by an increased 

permeability and formation of hyaline membranes and increased migration and 

activation of the lung cells including neutrophils (Pugin et al. 1998, Vlahakis 

et al. 1999, Li et al. 2014). The extent of the lung injury depends on the  

used ventilatory volumes and pressures as well as on the level or absence  

of positive end-expiratory pressure (PEEP) (Petrucci and De Feo 2013,  

Santa Cruz et al. 2013). For instance, the large volume ventilation results  

in an alveolar hemorrhage, formation of hyaline membranes, neutrophilic 

infiltration, decline in the lung compliance and worsened gas exchange 

(Altemeier et al. 2004). Contrary, the ventilation with small volumes can 

reduce the inflammation and histopathological damages of the tissue  

(Ronchi et al. 2011).  

There are several difficulties associated with the creation of this model. 

Animals should be in a general anesthesia, tracheotomized and ventilated with 

a mechanical ventilator, whereas ventilatory and cardiovascular parameters 

should be monitored. The other limitation is that the mechanical ventilation  

in humans is usually used as a treatment of ALI/ARDS which had  

originated from other reasons. Therefore, it is hardly to distinguish between 

consequences of the primary cause of ALI/ARDS and a iatrogenic VILI, while 

in the model of the lung injury induced by the mechanical ventilation the lung 

injury is primarily caused by the excessive mechanical ventilation.  
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3.1.5. Model of an Acid Aspiration 

To simulate the aspiration of gastric contents in humans, an intratracheal 

instillation of hydrochloric acid (HCl) is generally used in animals. The 

intratracheal instillation of HCl with low pH (pH 1-2) induces an injury of the 

airway and alveolar epithelium and impairs an alveolar epithelial fluid 

transport (Modelska et al. 1999). The acid instillation also results in the injury 

to the capillary endothelium, probably through an action of neutrophils 

(Knight et al. 1992).  

In most animal studies, 0.1 N HCl at a dose of 1-4 ml/kg is administered 

intratracheally. A lung injury induced by the instillation of HCl is a biphasic 

process (Reiss et al. 2012). The first phase reaches a peak within 1 hour after 

the HCl instillation and is characterized by an increase in the vascular 

permeability probably due to physiochemical reactions to the acid. The second 

peak is reached within 3-4 hours after the HCl instillation with a neutrophilic 

recruitment and an acute inflammatory response (Kennedy et al. 1989, Reiss et 

al. 2012). This is followed by an alveolar hemorrhage, intraalveolar and 

interstitial edema as well as by a decrease in the lung compliance, increased 

airway resistance and functional residual capacity, and hypoxemia (Folkesson 

et al. 1995, Rosenthal et al. 1998). The situation could be accompanied by an 

increased pulmonary vascular resistance and pulmonary artery pressure and 

elevated shunt fraction (Pawlik et al. 2005, Zarbock et al. 2006).  

One of disadvantages of this model is that in addition to the HCl making 

low pH, the gastric content consists of other substances such as food particles, 

bacterial cell wall products, and cytokines, which participate in the aspiration-

induced lung injury in humans (Raghavendran et al. 2005). To elicit a ALI 

model of the gastric content aspiration closer to the clinical situation, whole 

gastric fluid containing particles has been recently used in several studies 

(Davidson and Alluri 2013, Ayala et al. 2016). 

 

3.1.6. Model of the Lung Injury Induced by an Intratracheal Bleomycin 

The bleomycin model is generally considered as a model of the lung 

fibrosis, but it has some features of ALI, as well. Bleomycin forms a complex 

with the oxygen and metals leading to a generation of oxygen radicals, DNA 

breaks and a cell death (Burger et al. 1981).  

Bleomycin can be delivered intravenously, intratracheally, intra-

peritoneally, or subcutaneously, most often in mice. While an intravenous 

administration targeting primarily the endothelium requires several weeks to 

exert required changes in the lung tissue, an intratracheal administration 

targeting primarily the epithelium can produce the lung fibrosis after a single 
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dose of bleomycin (Moore and Hogaboam 2008). In an acute phase after the 

intratracheal bleomycin administration, a patchy neutrophilic alveolitis and 

fibrosis can be detected. This is accompanied by increased neutrophils in the 

BAL fluid and elevated concentrations of pro-inflammatory cytokines (Shen 

et al. 1988). This model is technically relatively easy and reproducible, but due 

to its etiology has only a little relevance to clinics. 

 

 

3.2. Animal Models with the Capillary Endothelium as a 

Primary Target 
 

3.2.1. Model Induced by an Intravenous Administration of 

Lipopolysaccharide (LPS) 

LPS is a glycolipid present in the outer membrane of Gram-negative 

bacteria. In the serum, LPS binds to a specific LPS binding protein (LBP) and 

forms a LPS:LBP complex. This complex activates a CD14/TLR4 receptor 

structure on many cells including monocytes and macrophages, and triggers a 

production of pro-inflammatory mediators (Wright et al. 1990, Tapping et al. 

2000).  

Early after an intravenous administration of LPS, the capillary 

endothelium exerts signs of apoptosis preceding other tissue damage (Fujita et 

al. 1998, Wang et al. 2007). Furthermore, it triggers a release of a wide range 

of mediators including cytokines, adhesion molecules and tissue factors 

(Brigham and Meyrick 1986, Bannerman and Goldblum 2003). The initial 

phase after the intravenous LPS administration is characterized by a 

leukopenia, decreased cardiac output and decreased arterial pressure, and an 

increased pressure in the pulmonary artery due to the increased resistance in 

the postcapillary veins (Kuida et al. 1958). The changes in leukocyte counts 

and hemodynamic parameters observed in the initial phase become stable 

within 4-6 hours. Within several hours after the intravenous delivery of the 

endotoxin, a hypoxemia and increased alveolar-arterial oxygen differences can 

be observed. Contrary to the intratracheal LPS delivery (see in chapter 3.3.1), 

the PMN infiltration into the lung tissue is relatively small (Matute-Bello et al. 

2008). Interestingly, the endotoxin-induced ALI requires interaction with the 

liver. The direct effect of endotoxemia on the lung is just at the level of the 

pulmonary vasoconstriction and leukocyte sequestration. However, endotoxin 

causes an intense activation of the inflammation and oxidative injury in the 

lung, as both the liver and lungs are included in the blood-perfused circuit 

(Siore et al. 2005).  
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In humans, the intravenous administration of LPS at a dose of 2-4 ng/kg 

caused a systemic inflammation and priming of alveolar macrophages (Smith 

et al. 1994). The intravenous administration of 1-4 ng/kg of LPS in humans 

increased PMN, albumin and pro-inflammatory cytokines in the BAL fluid 

(O'Grady et al. 2001). In animals, the response to LPS can vary according to 

the presence or absence of the pulmonary intravascular macrophages (PIMs). 

Animal species with PIMs (sheep, cattle, pigs, cats, goats, horses etc.) can 

develop a pulmonary inflammation after very small doses of LPS (in μg/kg 

range), while species without PIMs (humans, dogs, rats, mice, rabbits etc.) 

require much higher doses (in mg/kg range) (Matute-Bello et al. 2008,  

Wang et al. 2008).  

A big advantage of this model is its high reproducibility. LPS activates 

innate immune responses through the TLR4 pathways and has a low direct 

toxicity to cells in vitro. However, the intravenous LPS administration does 

not provide such severe injury to the endothelium and epithelium as observed 

in the human ARDS induced by living bacteria (Matute-Bello et al. 2008).  

 

3.2.2. Model of an Oleic-Acid Lung Injury 

The model of an oleic-acid lung injury serves as a model of the pulmonary 

lipid embolism in patients with a long bone trauma. This model is created by 

an intravenous administration of the oleic acid. It can be administered via a 

peripheral or central vein or directly into the right atrium or the pulmonary 

artery (Mattute-Bello 2008). The widely adopted dose of the oleic acid  

in the range of 0.06-0.15 ml/kg is mixed thoroughly with a normal saline and 

is injected slowly within 20-30 min. Alternatively, it can be administered 

continuously by an injector, or partionated into 3-4 equal aliquots (Wang et al. 

2008). Because the oleic acid is insoluble in water, some researchers dissolve 

it in ethanol or emulsify it in the blood prior to the administration (Matute-

Bello et al. 2008). Regardless of the route of administration, the effects of the 

oleic acid are detectable immediately, whereas ALI reaches maximum at 12 h 

and decreases towards 24 h (Derks and Jacobovitz-Derks 1977).  

The exact mechanisms by which oleic acid induces the lung edema and  

an injury to the lung have not been completely elucidated yet. There are 

several presumed mechanisms which can contribute to this type of injury: an 

unsaturation of the oleic acid and its direct binding to biological membranes 

(Schuster 1994), a covalent binding to sodium channels and Na+-K+ ATPase in 

the epithelial cells and thereby impairing the sodium transport and edema 

formation (Vadász et al. 2005).  
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Early after the administration, the oleic acid causes severe vacuolization of 

the endothelial cells and necrosis (Hussain et al. 1998). The endothelial injury 

is followed by an epithelial injury with swelling and necrosis of type I alveolar 

cells. Within 30 min the oleic acid becomes detectable in the alveoli in the 

extracellular space and in the air spaces (Beilman 1995). The pulmonary 

microvascular permeability increases and a protein-rich fluid leaks into the 

interstitium and air spaces, whereas the increase in the alveolar permeability is 

proportional to the dose of administered oleic acid (Ehrhart and Hofman 

1981). All mentioned changes lead to severe alterations in a gas exchange, 

hypoxemia, respiratory acidosis, and in increased alveolar-arterial oxygen 

difference within 90 min of the intravenous administration. This is caused by a 

severe ventilation/perfusion mismatching, decreased lung compliance, and 

elevated intrapulmonary shunt. Furthermore, hemodynamic changes such as 

myocardial depression, systemic hypotension, pulmonary hypertension, and 

elevated levels of circulating angiotensin converting enzyme can be detected 

early after the instillation of the oleic acid (Curtis and Peek 1994, Lamm et al. 

1994).  

The advantages of this model include early and rapid elicitation of ALI 

and a high reproducibility in different animals. One of the disadvantages of the 

model is the fact that the incidence of ALI/ARDS associated with long bone 

trauma or lipid injury is very rare. 

 

 

3.3. Animal Models with Targeting of Both Epithelium  

and Endothelium 
 

3.3.1. Models of the Lung Injury Due to a Sepsis 

The sepsis in an animal model can be induced by an administration of 

living bacteria, by a creation of an endogenous infection, e.g., caecal ligation 

and puncture, or by an administration of bacterial products, e.g., endotoxin 

(see in a subchapter 3.2.1). 

The models using living bacteria can differentiate according to the route of 

administration, the size of bacterial inoculum, the bacterial species, and the 

animal species (Matute-Bello et al. 2008). An intravenous administration of 

bolus of bacteria is followed by a hypotension and leukopenia, which can 

progress to a septic shock, intravascular coagulation and death. If the animal 

survives, an acute phase is followed by a hemodynamic stabilization with a 

microvascular injury and PMN lung sequestration, an increased pulmonary 

vascular permeability, an increase in the shunt fraction and pulmonary artery 
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pressure, and an intravascular thrombosis (Welty-Wolf et al. 2008). However, 

in this model the alveolar epithelium is relatively resistant to the injury 

(Wiener-Kronish et al. 1991). Thus, the experimental bacteriemia is usually 

not associated with the full histopathological picture of ARDS, including the 

epithelial damage and formation of hyaline membranes. Although the sepsis is 

a major risk factor for ARDS, the bacteriemia is either not present or less 

severe than observed in the animal models (Montgomery et al. 1985). 

A model of the lung injury secondary to the peritonitis can be induced 

surgically by the ligating and perforating the caecum, or rarely, bacteria can be 

incorporated into a carrier vehicle such as a fibrin clot or a sponge placed into 

the peritoneum (Eichacker et al. 1994, Matute-Bello et al. 2001). After the 

perforation of the caecum, the features of the peritonitis develop within several 

days and the onset is less abrupt. A leukopenia and pulmonary hypertension 

develop within 1-2 days and the lung injury within 3 days. These changes are 

associated with a hypoxemia, neutrophilic inflammation, and interstitial and 

alveolar edema (Goya et al. 1992, Lomas-Neira et al. 2005). In this model, the 

lung injury similar to ALI/ARDS can be found. However, it is accompanied by 

less severe intra-alveolar inflammation and formation of hyaline membranes 

(Matute-Bello et al. 2008).  

In the study carried out by our research team, an intraperitoneal 

administration of LPS at a dose 100 μg/kg of the body weight in adult rats 

evoked a monophasic thermic response (LPS-induced fever) and increased the 

minute ventilation due to changes in the breathing rate and the tidal volume. 

The LPS-instilled animals had higher levels of surfactant proteins SP-A, SP-B 

and SP-D in the lung tissue and higher SP-C and SP-D in the BAL fluid  

than the saline-instilled controls. The alterations of proteins related to the local 

immune mechanisms (SP-A, SP-D) were probably a part of the general 

inflammatory response to pyrogen, while the changes in proteins related to the 

surface activity (SP-B and SP-C) might reflect the effort of the body to 

stabilize the lungs in thermal challenge (Kolomaznik et al. 2014). In addition, 

the endotoxemia in rats was accompanied by changes in the heart rate 

variability, an index of cardiac autonomic control. We found a significant 

decrease in the spectral activity in high-frequency range at maximum body 

temperature and increased IL-6 in the heart tissue homogenates of the LPS-

injected rats. These changes may indicate a decreased parasympathetic activity 

in the LPS-induced endotoxemia as a basic characteristic of the altered cardiac 

control during a response to the endotoxemia (Zila et al. 2015). 

A local administration of living bacteria into the lungs results in a 

pneumonia and accorging to the size of the bacterial inoculum could exert 
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systemic manifestations of the sepsis (Fox-Dewhurst et al. 1997). The bacteria 

or LPS could be delivered to the lungs of animals by three different routes: an 

exposure to aerosol, an intratracheal administration, or an infection via the 

intranasal route. For the exposure to aerosol, a special equipment including  

a whole body exposure chamber and a nebulizer should be used. There  

are several advantages of this method: multiple animals can be infected 

simultaneously, bacteria reach symmetrically both lungs, and anesthesia is not 

required. However, other organs (e.g., eyes) are also exposed to microbes 

using this way of administration. Furhermore, some microbes sensitive to the 

high humidity might not survive when aerosolized. The intratracheal 

administration of the LPS or bacteria requires animals to be anesthesized and 

tracheotomized, or trachea should be punctured. On the other hand, the dose of 

the LPS or bacteria delivered into the lungs is precisely known. The third 

method of delivery is the infection via the intranasal route under the 

anesthesia. The animal receives small drops of bacterial suspension into each 

nostril in upright position and after the sniffing the material is transported 

towards the lower respiratory tract. There are several disadvantages of this 

method: necessity for anesthesia, and uncertainty of symmetrical delivery of 

the material in the lungs. However, this method is technically rather simple 

and time-saving (Knapp 2009).  

As mentioned in the subchapter 3.2.1, the susceptibility to the circulating 

endotoxin is dependent on the presence of PIMs and is different among the 

species. Therefore, the dose of LPS required to induce a lung inflammation 

may vary from μg to mg/kg of the body weight. However, the role of PIMs in 

ALI induced by the intratracheal instillation of LPS has not been fully 

understood yet (Reiss et al. 2012). Endotoxins activate the innate immune 

response via their activation of TLR4 receptors (Beutler and Rietchel 2003). 

The lung injury induced by LPS develops within several days. During the first 

2 days after the LPS instillation, the number of neutrophils in the lung and 

concentrations of cytokines increase (Håkansson et al. 2012). In this early 

phase also the vascular permeability elevates with maximum albumin levels 

and lymphocyte counts in the lung around day 4 (Nakajima et al. 2010), while 

levels of TNFα reach the peak value already within several hours after the LPS 

instillation and precede the migration of neutrophils (Faffe et al. 2000). 

 

3.3.2. Models of an Ischemia/Reperfusion 

An ischemia followed by a reperfusion either in the lungs or in any distant 

vascular bed can result in the lung injury. Such form of the lung injury can 

occur after a lung transplantation, where the reimplantation response is 
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characterized by a non-cardiogenic lung edema, inflammation, and hypoxia 

(Siegleman et al. 1973, Matute-Bello et al. 2008). ALI can also develop 

following a repair of aortic aneurysms etc. In an elicitation of the model of 

ischemia/reperfusion, the lungs are subjected to the ischemia by a clamping 

the pulmonary artery (preserving the bronchial circulation), or by a clamping 

the hilum (this stops all blood flow). The ischemia of the inflated lung for 2 

hours followed by 2 hours of the reperfusion causes a structural damage of the 

alveolar endothelium and epithelium (Neely and Kelth 1995). An extent of the 

lung injury depends on several factors: an inflation state of the lung (deflated 

or inflated), an extent of the ischemic bed (pulmonary, bronchial circulation, 

venous return), a duration of the ischemia and reperfusion, an experimental 

preparation (in vivo or isolated perfused lung), and an animal species (Matute-

Bello et al. 2008). Interestingly, the ischemia/reperfusion injury of one lung 

results in an inflammatory response and permeability changes not only in the 

occluded lung but also in the contralateral lung (Sakao et al. 2001).  

 

 

3.4. Combination of the Models 
 

Several groups of researchers combine two or more models to simulate a 

situation which is closer to the clinical ARDS. However, in that models it is 

rather difficult to determine the extent to which the lung injury is caused by 

one insult (e.g., the saline lung lavage) and the second insult (e.g., mechanical 

ventilation), or by both (Matute-Bello et al. 2008).  

On the other hand, in several models of ALI the mechanical ventilation is 

required for an elicitation of the model (e.g., in the model of ALI induced by a 

repetitive saline lavage or by an instillation of meconium). A potentially 

deleterious effect of the artificial ventilation can be minimized, if animals are 

ventilated with small volumes and low ventilatory pressures. Contrary, if 

saline-lavaged animals are ventilated with high volumes and no positive end-

expiratory pressure (PEEP), it results in the lung injury similar to ARDS with 

an increased protein permability, PMN infiltration and formation of hyaline 

membranes (Imai et al. 2001, Rotta et al. 2001, Matute-Bello et al. 2008). 

Similarly, an instillation of LPS into the lungs of surfactant-depleted animals 

can increase an intensity of the inflammatory response (Cochrane and Revak 

1999). Any changes related to the mechanical ventilation can be different in 

normal and inflamed lungs. Nevertheless, they are additive to the changes 

induced by other factor (e.g., LPS) and the resulting injury can be dependent 
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on the type and extent of the lung inflammation (Altemeier et al. 2005, 

Matute-Bello et al. 2008). 

 

 

CONCLUSION 
 

Several types of animal models can be used to simulate the changes in the 

acutely injured lungs of patients including neonates. ALI/ARDS in humans 

has usually complex etiopathogenesis. The lung of the patient can be affected 

by a primary illness (e.g., sepsis) and/or can be affected also by therapeutic 

approaches (e.g., mechanical ventilation). Furthermore, the course of the 

syndrome is influenced by hereditary factors, susceptibility to the agents, 

concomitant diseases etc. Therefore, no single animal model can reproduce all 

characteristics of ALI/ARDS in humans, and most of the existing animal 

models are relevant for only limited aspects of ALI/ARDS in humans. Taking 

these limitations into account, the animal models are essential for an 

understanding the pathophysiology of ALI/ARDS and can provide an 

excellent opportunity to search for novel therapeutical strategies. 
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ABSTRACT 
 

More than 2 million women in the United States have an underlying 

bleeding disorder. The prevalence for bleeding disorders among women 



Angelo P. Giardino, Jennifer Dietrich and Jennifer Kurkowski 162 

with menorrhagia is 20%. The most commonly reported symptoms 

among individuals with a diagnosis of von Willebrand disease (VWD) or 

any suspected bleeding disorder include epistatxis, gingival bleeding, 

easy bruising and menorrhagia. Therefore, patient history is very 

important to guide an initial workup. Additionally, many recommend that 

the initial evaluation include complete blood count (CBC), prothrombin 

time (PT), activated partial thromboplastin time (PTT), international 

normalized ratio (INR), platelet function assay (PFA-100), blood type, 

bleeding time and VWF assays. There are a variety of treatments that 

exist for von Willebrand factor (VWF). The National Heart, Lung, and 

Blood (NHLBI) of the National Institutes of Health issued a guideline 

regarding bleeding disorders. This chapter describes the highlights of the 

NHLBI guidelines. In addition, the authors include information on the 

training of obstetrics-gynecology residents and Women’s Health Advance 

Practice Nurses in the evaluation of bleeding disorders in women, and 

characterize the experience more fully and assess the evolving state of 

training in the evaluation of menorrhagia and bleeding disorders. 

 

 

INTRODUCTION 
 

Bleeding disorders are significant health challenges that affect nearly  

3 million women per year in the United States. In this group of women,  

von Willebrand disease (VWD) is the most common bleeding disorder, 

affecting approximately 0.6-1.3% (American College of Obstetricians and 

Gynecologists, 2015) of women. As with any serious disorder, developing a 

consistent approach to the evaluation and management of the problem is 

optimal. This consistent approach ideally is broad enough to not miss cases but 

focused enough to avoid inefficient testing of patients unlikely to have the 

disorder. 

A group of scientific experts convened in 2004 by the National Heart, 

Lung, and Blood Institute (NHLBI) addressed problems in the diagnosis, 

treatment, and health management of women with bleeding disorders (NHLBI, 

2004). According to this NHLBI expert panel: 

 

Undiagnosed and untreated bleeding disorders in females have a 

negative impact on their health and quality of life. Because the most 

common bleeding disorders, including VWD, manifest primarily by 

mucosal bleeding, females are likely to be symptomatic due to excessive 

bleeding with menstruation (menorrhagia), ovulation, and childbirth. 

Studies have documented increased morbidity due to excessive bleeding 



Professional Training in the Work-Up of Bleeding Disorders … 163 

in girls and women. Women with bleeding disorders are more likely to be 

iron deficient and to have received blood transfusions. They are also  

more likely to undergo gynecologic surgical procedures and to have 

bleeding complications related to those and other surgical procedures. 

Furthermore, a number of studies have shown the effect of this excessive 

bleeding, particularly menorrhagia, on quality of life, including increased 

symptoms of depression, and increased days lost from work and social 

activity. Since menorrhagia in women with bleeding disorders frequently 

begins at menarche, these factors could have an impact on the social and 

academic development of the adolescent female (NHLBI, 2004, p. 1). 

 

The expert panel reached general agreement that a comprehensive 

bleeding history that helps guide laboratory testing is central to the clinical 

workup and diagnosis of bleeding disorders in women. In addition, the 

accurate classification of bleeding-related symptoms is essential along with an 

accurate, standardized quantification of the excessive bleeding. This 

requirement tends to be a clinical challenge since if frequently depends on 

self-report or a “surrogate measure” such as finding the presence of anemia in 

the patient being evaluated. The expert panel specifically addressed VWD, an 

inherited bleeding disorder “caused by a deficiency or dysfunction of von 

Willebrand factor (VWF), a plasma protein that mediates the initial adhesion 

of platelets at sites of vascular injury and also binds and stabilizes blood 

clotting factor VIII (FVIII) in the circulation” (NHLBI, 2004; 2007). As a 

result, planning for a guideline to inform the workup of bleeding disorders and 

especially VWD in women began in 2004; in 2007, the NHLBI issued 

treatment guidelines for VWD that addressed its diagnosis, evaluation, and 

management (described in further detail below) (NHLBI, 2007). Additionally, 

the Centers for Disease Control and Prevention (CDC) has identified a set of 

goals for the nation to achieve in its Healthy People 2020 objectives. Included 

are goals related to blood disorders and blood safety (BDBS), two of which 

address aspects of bleeding related to this chapter: 

 

 BDBS-14: Increase the proportion of providers who refer women with 

symptoms suggestive of inherited bleeding disorders for diagnosis and 

treatment. 

 BDBS-15: Increase the proportion of persons with VWD seen in 

specialty care centers who were diagnosed by 21 years of age 
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Goal BDBS-14 is currently under development. The CDC, in partnership 

with the American College of Obstetricians and Gynecologists (ACOG), plans 

to identify a nationally representative sample of obstetrician-gynecologists and 

evaluate their knowledge, attitudes, and practices related to the diagnosis of 

blood disorders. The survey process is underway and has the potential to be 

administered every 2-3 years. Goal BDBS-15 is currently operational with a 

2012 baseline that 69.8% of persons with VWD who were seen in a specialty 

care center were diagnosed by 21 years of age. Figure 1 a-b displays the 

currently reported data related to Healthy People 2020’s BDBS-15. 

Disseminating the evidence-based practices contained in the 2007 NHLBI 

treatment guideline for VWD to clinicians who provide care to women 

involves many action steps, including the incorporation of the guideline’s key 

components into the professional education of trainees. This chapter examines 

the clinical content of the guideline, the professional approach to teaching 

about bleeding disorders in women to ob-gyn residents and women’s  

health advanced practice nurses, and survey data addressing the training in 

residencies and among advanced practice registered nurses (APRNs). It 

concludes with a brief discussion of why the adoption of clinical guidelines 

occurs via an academic process that takes time to unfold. 

 

 

THE NHLBI VWD GUIDELINE 
 

The NHLBI guidelines issued in 2007 addressed the diagnosis, evaluation, 

and management of VWD. The guidelines were evidence based, sought 

professional and public input, and were targeted towards practicing primary 

care and specialist clinicians including family physicians, internists, ob-gyns, 

pediatricians, nurse practitioners, hematologists, and laboratory medicine 

specialists. 

VWD is a genetic disorder that affects the structure or function of  

the protein VWF, which is needed for normal blood clotting (Weiss, 2012). 

VWF works in the clot formation cascade by helping link platelets and 

subendothelium in an injured vessel wall as well as by transporting factor  

VIII, another protein that is important in clot stabilization (Weiss, 2012). 

Abnormalities in VWF can result in epitaxis, heavy menstrual bleeding, and  

 

 

 

 



Professional Training in the Work-Up of Bleeding Disorders … 165 

bleeding complications after trauma or surgery due to impaired platelet 

adhesion and decreased availability of factor VIII (Sadler, et al., 2006). VWD 

is classified by quantitative or qualitative defects in VWF, and there are three 

major types of VWD--types 1, 2, and 3. Type 2 is further categorized into type 

2A, type 2B, type 2M, and type 2N. Type 1 is due to a quantitative defect and 

is usually characterized by mild to moderate bleeding symptoms. Type 2 

VWD is a qualitative defect and is usually characterized by moderate to severe 

bleeding. The four subtypes of type 2 VWD are diagnosed by the type of VWF 

dysfunction. Finally, type 3 VWD is a rare quantitative defect characterized by 

severe bleeding symptoms due to absolute deficiency in VWF (Sadler et al., 

2006). See Table X.1 a-b for further classification details. 

 

Goal: BDBS-15 Increase the proportion of persons with von Willebrand 

disease (VWD) seen in specialty care centers who were diagnosed by 21 years 

of age 

 

 

Figure 1a. Healthy People 2020’s BDBS-15 
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(Healthy People 2020. (2016). Blood Disorders and Blood Safety) 

Description of Changes since the Healthy People 2020 Launch: In 2015, this objective 

was revised from “Increase the proportion of women with von Willebrand disease 

(VWD) who are timely and accurately diagnosed” to “Increase the proportion of 

persons with von Willebrand disease (VWD) seen in specialty care centers who were 

diagnosed by 21 years of age.” The baseline was revised from 28.4 percent (2008) to 

70.0 percent (2012). The target was revised from 31.2 percent to 77.0 percent. The data 

source was revised from the Universal Data Collection (UDC) to Community Counts 

Hemophilia Treatment Center (HTC) Population Profile, CDC/NCBDDD. The target 

setting method remained 10 percent improvement over the baseline. In 2016, 2012-

2014 data were revised due to reporting delays. This revision occurs annually. The 

baseline of the total population and target remained the same. Healthy People 2020. 

(2016). Blood Disorders and Blood Safety https://www.healthypeople.gov/2020/data-

search/Search-the-Data#srch=persons with von Willebrand disease. 

Figure 1b. Healthy People 2020’s BDBS-15 

 

Workup/Diagnosis 
 

According to the NHLBI (2011), type 1 and type 2 VWD present with a 

range of mild to moderate bleeding symptoms including: 

 



Professional Training in the Work-Up of Bleeding Disorders … 167 

1. Frequent, large bruises from minor bumps or injuries. 

2. Frequent or hard-to-stop nosebleeds. 

3. Prolonged bleeding from the gums after a dental procedure. 

4. Heavy or prolonged menstrual bleeding in women. 

5. Blood in stools from bleeding in the intestines or stomach. 

6. Blood in the urine from bleeding in the kidneys or bladder. 

7. Heavy bleeding after a cut or other accident. 

8. Heavy bleeding after surgery. 

 

Type 3 VWD presents with the symptoms above and may have 

unexpected severe bleeding episodes as well (NHLBI, 2011). Type 3 VWD 

may also present with bleeding into soft tissues or joints, causing severe pain 

and swelling. 

Among the most common presentations for women with VWD is 

menorrhagia or heavy menstrual bleeding characterized by: 

 

 Bleeding with clots larger than about 1inch in diameter. 

 The need to change pads or tampons more than every hour. 

 Anemia. 

 

Table 1a. Classification Details 

 

Type Description Comments 

1 Partial quantitative 

deficiency of VWF (70-75% 

of patients with VWD) 

Type 1 VWD is found in persons who have partial 

quantitative deficiency of VWF. The level of VWF 

in plasma is low, and the remaining VWF mediates 

platelet adhesion normally and binds FVIII 

normally. Laboratory evaluation shows concordant 

decreases in VWF protein concentration (VWF:Ag) 

and assays of VWF function (VWF:RCo). Levels 

of blood clotting FVIII usually parallel VWF and 

may be reduced secondary to reduced VWF (p. 13) 

2 Qualitative VWF defect (10-

20% of patients with VWD) 

The clinical features of several type 2 VWD 

variants are distinct from those of type 1 VWD, and 

they can have strikingly distinct and specific 

therapeutic needs. As a consequence, the medical 

care of patients who have type 2 VWD benefits 

from the participation of a hematologist who has 

expertise in hemostasis. Bleeding symptoms in type 

2 VWD are often thought to be more severe than in 

type 1 VWD, although this impression needs to be 

evaluated in suitable clinical studies (p. 13) 
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Table 1a. (Continued) 

 
Type Description Comments 

2A Decreased VWF-dependent 

platelet adhesion with 

selective deficiency of high-

molecular-weight multimers 

 

2B Increased affinity for platelet 

GPIb 

 

2M Decreased VWF-dependent 

platelet adhesion without 

selective deficiency of high-

molecular-weight multimers 

 

2N Markedly decreased binding 

affinity for FVIII 

 

3 Virtually complete 

deficiency of VWF (rare) 

Type 3 VWD is characterized by undetectable 

VWF protein and activity, and FVIII levels usually 

are very low (1–9 IU/dL). Nonsense and frameshift 

mutations commonly cause type 3 VWD, although 

large deletions, splice-site mutations, and missense 

mutations also can do so. Mutations are distributed 

throughout the VWF gene, and most are unique to 

the family in which they were first identified (p. 15) 

 

Table 1b. Inheritance, Prevalence, and Bleeding Propensity in Patients 

Who Have VWD 
 

 
NHLBI, 2007; Weiss, J. (2012). Just heavy menses or something more? Raising 

awareness of von Willebrand disease. American Journal of Nursing, 112(6), 38-

44. 

 

Table 2 lists common bleeding symptoms in patients with VWD. 

 

The medical history is central to the evaluation of bleeding disorders 

including VWD. (See Figure X.2.) According to the NHLBI (2011), the 

components of the ideal medical history for a potential bleeding disorder 

include: 
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 Any bleeding from a small wound that lasted more than 15 minutes or 

started up again within the first 7 days following the injury. 

 Any prolonged, heavy, or repeated bleeding that required medical care 

after surgery or dental extractions. 

 Any bruising with little or no apparent trauma, especially if a lump is 

felt under the bruise. 

 Any nosebleeds that occurred for no known reason and lasted more 

than 10 minutes despite pressure on the nose, or any nosebleeds that 

needed medical attention. 

 Any blood in stools for no known reason. 

 Any heavy menstrual bleeding. This bleeding usually involves clots or 

lasts longer than 7 to 10 days. 

 Any history of muscle or joint bleeding. 

 Any medicines taken that might cause bleeding or increase the risk of 

bleeding. Examples include aspirin and other nonsteroidal anti-

inflammatory drugs (NSAIDs), clopidogrel, warfarin, and heparin. 

 Any history of liver or kidney disease, blood or bone marrow disease, 

or high or low blood platelet counts. 
 

Table 2. Common Bleeding Symptoms of Healthy Individuals  

and Patients Who Have VWD 
 

 
(National Heart, Lung, and Blood Institute, 2007. p. 21.) 



Angelo P. Giardino, Jennifer Dietrich and Jennifer Kurkowski 170 

The physical examination focuses on the identification of bruising and 

signs of anemia, such as pallor, and vital sign changes. Of course, the 

laboratory evaluation hinges on appropriate blood tests based on what the 

medical history and the physical examination suggest. If VWD is suspected, 

the NHLBI (2001) suggests the following tests: 
 

 VWF antigen. 

 VWF ristocetin cofactor activity. 

 Factor VIII clotting activity. This test checks the clotting activity of 

factor VIII. 

 VWF multimers (typically ordered if first three tests are abnormal). 

 Platelet function test. 
 

 
(National Heart, Lung, and Blood Institute, 2007). 

Figure 2. The NHLBIVWD treatment guideline suggests this algorithm 

The laboratory evaluation guided by the medical history and physical 

examination is further described in Figure 3. 
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Box 1. Suggested Questions for Screening Persons for a Bleeding Disorder 
 

 
Source: Dean JA, Blanchette VS, Carcao MD, Stein AM, Sparling CR, Siekmann J, 

Turecek PL, Lillicrap D, Rand ML. von Willebrand disease in a pediatric-based 

population – comparison of type 1 diagnostic criteria and use of the PFA-100 

and a von Willebrand factor/collagen-binding assay. Thromb. Haemost 2000 

Sep;(3):401-409; Drews CD, Dilley AB, Lally C, Beckman MG, Evatt B. 

Screening questions to identify women with von Willebrand disease. J. Am. Med. 

Womens Assoc. 2002;57(4):2017-2018; and Laffan M, Brown SA, Collins PW, 

Cumming AM, Hill FG, Keeling D, Peake IR, Pasi KJ. The diagnosos of von 

Willebrand disease: a guideline from the UK Haemophillia Centre Doctors’ 

Organization. Haemophilia 2004 May;10(3):199-217. 

(National Heart, Lung, and Blood Institute, 2007. pp. 20-21.) 

 

Additionally, the NHLBI (2007) VWD guidelines contain 

recommendations on specific clinical history, physical findings, laboratory 

assays, and diagnostic criteria that allow for the most accurate diagnosis of 

VWD: 
 

 Tests such as the bleeding time, PFA-100, or other automated 

functional platelet assays have been used, but there are conflicting 

data with regard to sensitivity and specificity for VWD. Therefore, the 

Panel believes current evidence does not support their routine use as 

screening tests for VWD. 

 The Panel believes that platelet-based assays should be used for the 

ristocetin cofactor method. 

 The Panel emphasizes the importance of the timing of the phlebotomy 

for assays, with the patient at his/her optimal baseline as far as 
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possible (For example, VWF levels maybe elevated above baseline 

during the second and third trimesters of pregnancy or during estrogen 

replacement, during acute inflammation such as the perioperative 

period during infections, and during acute stress). The careful 

handling and processing of the sample is also critical, particularly if 

the sample will be sent out for testing at a distant location (NHLBI, 

2007. p. 33). 

 

 

Treatment 
 

According to NHLBI (2011), the treatment for VWD is based on the type 

of VWD and its clinical severity. (See Table 3.) Mild cases of VWD may only 

need treatment when they involve surgical procedures or tooth extractions, or 

in the setting of trauma. (See Figure 3.) 
 

Medications used are directed at: 

 

 Increasing the amount of circulating VWF and factor VIII. 

 Replacing VWF. 

 Preventing the breakdown of blood clots. 

 Controlling heavy menstrual bleeding. 

 

These medications include desmopressin either injected or administered 

via nasal spray cause the release of VWF and factor VIII into the bloodstream. 

Desmopressin works well for those persons with type 1 VWD and for some 

who have type 2 VWD. 

Replacement therapy for VWD involves an infusion of concentrated 

VWF, and factor VIII may be used for: 

 

 Those who don’t tolerate desmopressin or who need extended 

treatment. 

 Type 1 VWD that does not respond to desmopressin. 

 Type 2 or type 3 VWD. 

 

Antifibrinolytic medicines also are used to treat VWD and help prevent 

the breakdown of blood clots. These medications are used to stop bleeding  
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after minor surgery, tooth extraction, or an injury, and may be used alone or in 

combination with desmopressin and replacement therapy. 

 

 
 

* Isolated decreased platelets may occur in VWD type 2B. 

^ Correction in the PTT mixing study immediately and after 2-hour incubation removes a 

factor VIII (FVIII) inhibitor from consideration. 

Investigation of other intrinsic factors and lupus anticoagulant also may be indicated. 

CBC, complete blood count; PT prothrombin time; PTT partial thromboplastin time; RIPA, 

ristocetin-induced platelet aggregation; TT, thrombin time; VWF:Ag, VWF antigen; 

VWF:RCo, VWF ristocetin cofactor activity. 

If the initial clinical evaluation suggests a bleeding disorder, the “initial hemostasis tests” 

should be ordered, followed by or along with the next tests (“initial VWD assays”) 

indicated in the algorithm. Referral to a hemostasis specialist is appropriate for help in 

interpretation, repeat testing, and specialized tests. 

(National Heart, Lung, and Blood Institute, 2007. p. 25.) 

Figure 3. Laboratory Assessment for VWD or Other Bleeding Disorder 
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Table 3. Laboratory Values from Which to Interpret 

Patient Results 

 

 
 

 Refers to a decrease in the test result compared to the laboratory reference range. 
* <30 IU/dL is designated as the level for a definitive diagnosis of VWD: there are 

some patients with type 1 or type 2 VWD who have levels of VWF:RCo and/or 

VWF:Ag of 30-50 IU/dL. 
 The VWF:Ag in the majority of individuals with type 2A, 2B, or 2M VWD is <50 

IU/dL. 

(National Heart, Lung, and Blood Institute, 2007. p. 36.) 

 

For women who have VWD and experience heavy menstrual bleeding, 

additional options include: 

 

 Oral contraceptives, which can increase the amount of circulating 

VWF and factor VIII and can reduce menstrual blood loss. 

 An intrauterine device containing levonorgestrel, a progestin 

hormone. 

 Aminocaproic acid or tranexamic acid, antifibrinolytic medications 

that reduce bleeding by slowing the breakdown of blood clots. 

 Desmopressin. 

 

For women beyond child-bearing age, endometrial ablation, which 

destroys the lining of the uterus, may reduce menstrual blood loss in those who 

have VWD. Of course, if a woman undergoes a hysterectomy, the uterus is 

surgically removed, which anatomically stops menstrual bleeding. 
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PROFESSIONAL EDUCATION REGARDING THE CLINICAL 

WORKUP IN BLEEDING DISORDERS 
 

Improving women’s health curricula can promote advances in the field. 

Toward that goal, the Health Resources and Services Administration (HRSA) 

Office of Women’s Health (US Department of Health and Human Services, 

2013) commissioned a report to provide the background, recommendations, 

and implementation steps to improve women’s health education across  

five specific health profession programs: medicine, oral health/dentistry, 

baccalaureate nursing, pharmacy, and public health. Key content areas in 

women’s health across the health professions include wellness and prevention, 

biological considerations, selected conditions, behavioral health, and the role 

of the health professional. Figure 4 a-b array the approach to this collaborative 

effort. 

 

 

Obstetrics-Gynecology Residents 
 

Obstetrics-gynecology is the physician specialty in which training and 

practice focus on the conditions and disorders related to female reproductive 

organs and the management of pregnancy and delivery. ACOG’s Council on 

Resident Education in Obstetrics and Gynecology (CREOG) annually 

publishes goals for residents in a document titled “Educational Objectives: 

Core Curriculum in Obstetrics and Gynecology” (American College of 

Obstetrics and Gynecology, 2013). It follows six general competencies 

mandated by the Accreditation Council for Graduate Medical Education 

(ACGME): 

 

 Patient care 

 Medical knowledge 

 Interpersonal and communication skills 

 Professionalism 

 Practice-based learning and improvement 

 System-based practice 
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The 11th edition of CREOG’s Educational Objectives, released in  

2016, addresses dysmenorrhea and abnormal uterine bleeding in Unit 4 

(Gynecologic Disorders) and covers dysmenorrhea in Unit 5 (Pediatric and 

Adolescent Obstetrics and Gynecology). Additionally, in the prior 10th 

edition, released in 2013 in a slightly more detailed fashion, the evaluation of 

menstrual disorders is covered in Unit 4 (Gynecology) and Unit 5 

(Reproductive Endocrinology and Infertility). Within Unit 4 is a section 

focusing on the evaluation and management of abnormal uterine bleeding or 

dysfunctional uterine bleeding, which states that a resident should be able to 

elicit pertinent history to evaluate causes of abnormal uterine bleeding and to 

appropriately interpret a complete blood count as well as coagulation tests 

(American College of Obstetricians and Gynecologists, 2013). 

In Unit 5, under the subsection Pediatric and Adolescent Gynecology, the 

evaluation of menstrual and endocrine disorders refers back to Unit 4. The 

objectives do not contain specific language regarding the consistent evaluation 

for bleeding disorders in women and adolescents (American College of 

Obstetricians and Gynecologists, 2013). Table 4 arrays these objectives and 

competencies. 

 

 
(U.S. Department of Health and Human Services, 2013, p. 11) 

Figure 4a. Conceptual Approach to Inter-professional Women’s Health Content. 
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(U.S. Department of Health and Human Services, 2013, p. 14) 

Figure 4b. Approach to Improving Education on Women’s Health. 

Table 4. Objectives and Competencies for Ob-Gyn Residency Training 

 
CREOG 

Objective 

Descriptions ACGME 

Competency 

Unit 4 - 

Gynecology 

Section II - 

Disorders 

Of The 

Urogenital 

Tract And 

Breast 

A. Abnormal uterine bleeding 

1. Describe the principal causes of abnormal uterine 

bleeding and the International Federation of 

Gynecology and Obstetrics (FIGO) classification 

system. 

Medical 

Knowledge 

2. Obtain a pertinent history to evaluate abnormal 

uterine bleeding. 

Patient Care 

3. Perform a focused physical examination to 

investigate the etiology of abnormal uterine bleeding. 
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Table 4. (Continued) 
 

CREOG 

Objective 

Descriptions ACGME 

Competency 

 4. Perform and interpret the results of selected diagnostic 

tests, such as the following, to determine the cause of 

abnormal uterine bleeding: 

a. Endometrial biopsy 

b. Pelvic ultrasonography/saline infusion ultrasonography 

c. Hysteroscopy 

d. Laparoscopy 

 

5. Interpret the results of other diagnostic tests, such as the 

following: 

a. Serum/urine human chorionic gonadotropin (hCG) assay 

b. Endocrinologic assays 

c. Microbiologic cultures of the genital tract 

d. Complete blood count 

e. Coagulation profile 

6. Treat abnormal uterine bleeding using both nonsurgical 

and surgical methods. 

7. Recommend appropriate follow-up that is necessary for a 

patient with abnormal uterine bleeding. 

Unit 5 

III. 

Menstrual 

And 

Endocrine 

Disorders 

A. Dysmenorrhea 

Describe the classification of dysmenorrhea (i.e., primary 

versus secondary). 

Medical 

Knowledge 

List the principal causes of primary and secondary 

dysmenorrhea. 

Medical 

Knowledge 

Obtain a pertinent history to evaluate dysmenorrhea. Interpersonal 

and 

Communication 

Skills 

Perform a focused physical examination to evaluate 

dysmenorrhea. 

Patient Care 

Unit 5 

III. 

Menstrual 

And 

Endocrine 

Disorders 

Perform and/or interpret indicated tests to evaluate 

dysmenorrhea 

Patient Care 

Describe medical and surgical treatment options for 

dysmenorrhea 

Describe long term follow-up and prognosis for a patient 

with dysmenorrhea, especially regarding reproduction and 

sexual function. 

Endometriosis and adenomyosis (covered in Unit 4, II-J), 

B. Abnormal Uterine Bleeding 

Abnormal uterine bleeding (see above, Unit 4, II-A) 

(The American College of Obstetricians and Gynecologists, 2013.) (Used with 

permission) 
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Women’s Health Advanced Practice Nurses 
 

Women’s Health Nurse Practitioners are advanced practice nurses who 

provide primary and specialty care to women throughout their life course. 

Core competencies are defined for all entry-level nurse practitioners (NPs) and 

are supplemented by the specialty-specific competencies (population-focused 

competencies) for the NPs who focus on women’s health as a specialty area 

(National Organization of Nurse Practitioners Faculties [NONPF]), 2012; 

2014). The development of the competencies is evolutionary and involves a 

national consensus process that responds to emerging evidence and health care 

delivery needs. 

In 2002, HRSA supported an effort co-facilitated by NONPF and the 

American Association of Colleges of Nursing (AACN) and published a 

comprehensive set of core and specialty-specific competencies covering the 

following seven domains (US Department of Health and Human Services, 

2002): 

 

 Management of Patient Health/Illness Status 

 The Nurse Practitioner-Patient Relationship 

 The Teaching-Coaching Function 

 Professional Role 

 Managing and Negotiating Health Care Delivery Systems 

 Monitoring and Ensuring the Quality of Health Care Practice 

 Cultural Competence 

 

In this document the specialty competencies contained a separate section 

titled “Diagnosis of Health Status” which emphasized that nurse practitioners 

are engaged in the diagnostic process, including critical thinking involved in 

differential diagnosis and the integration and interpretation of various forms of 

disorders. So, regarding women’s health providers, bleeding disorders were 

not specifically called out in either the core or specialty NP competencies, but 

one would expect this clinical topic to be addressed as scientific knowledge 

increased in this area, i.e., with the release of the 2007 NHLBI VWD 

guidelines. Table 5 lists the core competencies in the Management of Patient 

Health/Illness Status, along with the specialty supplement for the women’s 

health population focus, as articulated in the 2002 HRSA document. 

 



 

 

Table 5. Selected Domains and Competency for NPs 
 

Domain 1: Management of Patient Health/Illness Status 

Core Competency for all NPs Women’s Health Specialty Specific 

The nurse practitioner demonstrates competence in the domain of 

management of patient health/illness status when she or he performs the 

following behaviors in the following areas. 

A. Health Promotion/Health Protection and Disease Prevention 

1. Differentiates between normal, variations of normal, and abnormal findings. 

2. Provides health promotion and disease prevention services to patients who 

are healthy or have acute and chronic conditions, based on age, developmental 

stage, family history, and ethnicity. 

The women’s health nurse practitioner is a provider of direct health 

care services. Within this role, the women’s health nurse 

practitioner synthesizes theoretical, scientific, and contemporary 

clinical knowledge for the assessment and management of both 

health and illness states. These competencies incorporate the health 

promotion, health protection, disease prevention, and treatment 

focus of women’s health nurse practitioner practice. 

3. Provides anticipatory guidance and counseling to promote health, reduce 

risk factors, and prevent disease and disability, based on age, developmental 

stage, family history, and ethnicity. 

4. Develops or uses a follow-up system within the practice to ensure that 

patients receive appropriate services. 

A. Assessment of Health Status 

These competencies describe the role of the women’s health nurse 

practitioner in assessing all aspects of the patient’s health status, 

including for purposes of health promotion, health protection, and 

disease prevention. 

Domain 1: Management of Patient Health/Illness Status 

Core Competency for all NPs Women’s Health Specialty Specific 



 

5. Recognizes environmental health problems affecting patients and provides 

health protection interventions that promote healthy environments for 

individuals, families, and communities. 

B. Management of Patient Illness 

1. Analyzes and interprets history, including presenting symptoms, physical 

findings, and diagnostic information to develop appropriate differential 

diagnoses. 

2. Diagnoses and manages acute and chronic conditions while attending to the 

patient’s response to the illness experience. 

 

3. Prioritizes health problems and intervenes appropriately including initiation 

of effective emergency care. 

4. Employs appropriate diagnostic and therapeutic interventions and regimens 

with attention to safety, cost, invasiveness, simplicity, acceptability, 

adherence, and efficacy. 

5. Formulates an action plan based on scientific rationale, evidence-based 

standards of care, and practice guidelines. 

6. Provides guidance and counseling regarding management of the 

health/illness condition. 

7. Initiates appropriate and timely consultation and/or referral when the 

problem exceeds the nurse practitioner’s scope of practice and/or expertise. 

8. Assesses and intervenes to assist the patient in complex, urgent, or 

emergency situations 

The women’s health nurse practitioner employs evidence-based 

clinical practice guidelines to guide screening activities, identifies 

health promotion needs, and provides anticipatory guidance and 

counseling addressing environmental, lifestyle, and developmental 

issues. 

1. Obtains and documents a relevant health history, including a 

comprehensive obstetric and gynecologic history, with emphasis on 

gender-based differences. 

2. Performs and documents complete, system, or symptom-directed 

physical examinations on women, including obstetric and 

gynecologic conditions/needs that include, but are not limited to,  

pregnancy, benign and malignant gynecologic conditions, 

contraception, sexually transmitted infections, infertility, 

perimenopause/menopause/postmenopause and other gender-

specific illnesses. 

3. Assesses for maternal and fetal well-being, high-risk 

pregnancies, depression, and pregnancy/post-partum complications. 

4. Assesses for disease risk factors specific to women. 

5. Distinguishes female gender differences in presentation and 

progression of health problems and responses to pharmacological 

agents and other therapies. 

6. Assesses social and physical environmental health risks, 

including teratogens, that impact childbearing. 

7. Assesses for evidence of domestic violence, sexual abuse, and 

substance abuse. 

8. Assesses issues related to sexuality. 

  



 

Table 5. (Continued) 
 

a. Assesses rapidly the patient’s unstable and complex health care problems 

through synthesis and prioritization of historical and immediately derived 

data. 

9. Assesses parental behavior and skills and promotes smooth 

transition to role changes. 

Domain 1: Management of Patient Health/Illness Status 

Core Competency for all NPs Women’s Health Specialty Specific 

b. Diagnoses unstable and complex health care problems utilizing 

collaboration and consultation with the multidisciplinary health care team as 

indicated by setting, specialty, and individual knowledge and experience, such 

as patient and family risk for violence, abuse, and addictive behaviors. 

c. Plans and implements diagnostic strategies and therapeutic interventions to 

help patients with unstable and complex health care problems regain stability 

and restore health in collaboration with the patient and multidisciplinary 

health care team. 

d. Rapidly and continuously evaluates the patient’s changing condition and 

response to therapeutic interventions, and modifies the plan of care for 

optimal patient outcomes. 

Appropriate to Both Subdomains 

1. Demonstrates critical thinking and diagnostic reasoning skills in clinical 

decision making. 

2. Obtains a comprehensive and problem-focused health history from the 

patient. 

3. Performs a comprehensive and problem-focused physical examination. 

4. Analyzes the data collected to determine health status. 

5. Formulates a problem list. 

6. Assesses, diagnoses, monitors, coordinates, and manages the health/illness 

status of patients over time and supports the patient through the dying process. 

7. Demonstrates knowledge of the pathophysiology of acute and chronic 

diseases or conditions commonly seen in practice. 

10. Assesses selected reproductive health needs or problems in 

male partners, such as sexually transmitted infections, 

contraception, and infertility. 

11. Assesses genetic risks and refers, as needed, for testing and 

counseling. 

B. Diagnosis of Health Status 

The women’s health nurse practitioner is engaged in the diagnosis 

of health status. This diagnostic process includes critical thinking, 

differential diagnosis, and the integration and interpretation of 

various forms of data. These competencies describe this role of the 

women’s health nurse practitioner. 

1. Diagnoses common non-gynecologic health problems and other 

deviations from normal and provides management, education, or 

referral when appropriate. 

2. Identifies obstetrical and gynecologic deviations from normal, 

formulates a diagnosis, collaborates, and/or refers as necessary. 

3. Performs and interprets screening and diagnostic procedures, 

including, but not limited to, pap tests, microscopy, post coital 

tests, and sexually transmitted infection tests. 

4. Orders screening and diagnostic procedures and interprets test 

results, including, but not limited to, ultrasound, mammography, 

endometrial biopsies, colposcopy, triple screen, and fetal 

assessment tests, as well as age appropriate primary care screens. 



 

8. Communicates the patient’s health status using appropriate terminology, 

format, and technology. 

5. Diagnoses acute and chronic conditions with an emphasis on 

reproductive/gynecologic health, including, but not limited to, 

pregnancy, sexually transmitted infections, infertility, benign and 

malignant gynecologic conditions, peri- and postmenopause, and 

other gender-specific conditions. 

Domain 1: Management of Patient Health/Illness Status 

Core Competency for all NPs Women’s Health Specialty Specific 

9. Applies principles of epidemiology and demography in clinical practice by 

recognizing populations at risk, patterns of disease, and effectiveness of 

prevention and intervention. 

 

10. Uses community/public health assessment information in evaluating patient 

needs, initiating referrals, coordinating care, and program planning. 

42 

11. Applies theories to guide practice. 

12. Applies/conducts research studies pertinent to area of practice. 

13. Prescribes medications based on efficacy, safety, and cost as legally 

authorized and counsels concerning drug regimens, drug side effects, and 

interactions with food supplements and other drugs. 

14. Integrates knowledge of pharmacokinetic processes of absorption, 

distribution, metabolism, and excretion, and factors that alter pharmacokinetics 

in drug dosage and route selection. 

15. Selects/prescribes correct dosages, routes, and frequencies of medications 

based on relevant individual patient characteristics, e.g., illness, age, culture, 

gender, and illness. 

16. Detects and minimizes adverse drug reactions with knowledge of 

pharmacokinetics and dynamics with special attention to vulnerable 

populations such as infants, children, pregnant and lactating women, and older 

adults. 

17. Evaluates and counsels the patient on the use of complementary/alternative 

therapies for safety and potential interactions. 

6. Recognizes the importance of specimen collection and 

preservation in obtaining forensic evidence in victims of sexual 

assault and refers for further evaluation. 

7. Diagnoses selected conditions related to the male reproductive 

system, such as sexually transmitted infections, contraceptive needs, 

and infertility. 

C. Plan of Care and Implementation of Treatment 

The objectives of planning and implementing therapeutic 

interventions are to return the patient to a stable state and to 

optimize the patient’s health. These competencies describe the 

women’s health nurse practitioner’s role in stabilizing the patient, 

minimizing physical and psychological complications, and 

maximizing the patient’s health potential. 

1. Provides health promotion and disease prevention services to 

women across the life cycle, taking into account age, developmental 

status, disability, culture, ethnicity, sexual orientation, 

spiritual/religious affiliation, and lifestyle and psychosocial issues. 

2. Provides prenatal and postnatal care including, but not limited to, 

maternal/fetal health, parent/infant relationships, lactation and 

parenting skills. 



 

Table 5. (Continued) 

 

18. Integrates appropriate nonpharmacologic treatment modalities into a plan 

of management. 

3. Collaborates with other health care providers for management or 

referral of high-risk pregnancies. 

Domain 1: Management of Patient Health/Illness Status 

Core Competency for all NPs Women’s Health Specialty Specific 

19. Orders, may perform, and interprets common screening and diagnostic 

tests. 

20. Evaluates results of interventions using accepted outcome criteria, revises 

the plan accordingly, and consults/refers when needed. 

21. Collaborates with other health professionals and agencies as appropriate. 

4. Provides anticipatory guidance and counseling to pregnant 

women and their significant others. 

5. Treats women for selected obstetric and gynecologic 

problems/needs, including, but not limited to, pregnancy, common 

gynecologic conditions, contraception, sexually transmitted 

infections, peri- and postmenopause, and other gender specific 

illnesses. 

22. Schedules follow-up visits to appropriately monitor patients and evaluate 

health/illness care. 

6. Provides management and education for women and men in need 

of family planning and fertility control. 

7. Manages the treatment of sexually transmitted infections for 

patients and their partners. 

8. Formulates and implements a plan of care for women in 

violent/abusive relationships and victims of sexual assault, and 

considers legal reporting guidelines. 

9. Treats men with selected reproductive health needs or problems, 

such as contraception and sexually transmitted infections. 

10. Manages and/or refers for primary care conditions, including, 

but not limited to, headaches, hypertension, urinary tract infections, 

upper respiratory infections, and common dermatological 

conditions. 

11. Performs primary care procedures, including, but not limited to, 

pap smears, microscopy, post-coital tests, intrauterine device (IUD) 

insertion, and endometrial biopsies. 

12. Prescribes therapies, including medications, considering 



 

pregnancy, lactation, sociocultural background, and financial 

resources. 

13. Applies theories from the social sciences and humanities, as 

well as natural sciences and nursing, including feminist and 

culturally relevant frameworks. 

14. Applies research that is women-centered and contributes to 

positive change in the health of women or the health care delivered 

to women. 

15. Facilitates access to reproductive health care services and 

provides referrals that are provided in an unbiased, timely, and 

sensitive manner. 

(The US Department of Health and Human Services, 2002.) 
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The domains, or competency areas, have continued to be updated and 

enhanced in the ensuing years, and via national workgroups the National 

Organization of Nurse Practitioner Faculties (NONPF) suggests content for the 

core and population-focused competencies along with supportive curricular 

approaches (2012; 2013; 2014; 2016). The current 9 competency areas are: 

 

 Scientific Foundation 

 Leadership 

 Quality 

 Practice Inquiry 

 Technology and Information Literacy 

 Policy 

 Health Delivery System 

 Ethics 

 Independent Practice 

 

Again, as in the 2002 version of core and specialty competencies, while 

the topic of bleeding disorders is not specifically addressed, this clinical topic 

would be addressed in both the scientific foundation and independent practice 

competency areas dealing with the incorporation of evidence-based standards 

into one’s practice. Table X.6 a-d provides a summary of the core and 

population-focused competencies that would be most applicable to evaluation 

and management of bleeding disorders in women. 

 

 

PROFESSIONAL TRAINING SURVEYS 
 

To assess the educational approach to bleeding disorder evaluation in ob-

gyn residency training programs as well as among Women’s Health Advanced 

Practice Nurses in the continental United States, two surveys were conducted, 

one with ob-gyn chief residents and the other with practicing Women’s Health 

NPs. The surveys covered training experiences and fund of knowledge 

regarding the evaluation of menorrhagia and diagnosis of bleeding disorders 

during training. 



 

 

Table 6. Competencies Most Applicable to Evaluation and Management of Bleeding Disorders in Women 

 

Table 6a. Compentency Area Scientific Foundation  

 

 
(The National Organization of Nurse Practitioners Faculties [NONPF], 2014, p. 2) (Used with permission) 

 

 

 

 

 



 

Table 6b. Population Focused: Women’s Health/Gender Related 

 
(The National Organization of Nurse Practitioners Faculties [NONPF], 2013, p. 78) 

(Used with permission) 

 

 

 

 



 

Table 6c. Independent Practice Competencies 

 
 

(The National Organization of Nurse Practitioners Faculties [NONPF], 2014, p. 12) (Used with permission) 

 



 

Table 6d. Competencies Most Applicable to Evaluation and Management  

of Bleeding Disorders in Women 
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(The National Organization of Nurse Practitioners Faculties [NONPF], 2013, pp 83-86) 
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Ob-Gyn Resident Survey 
 

In 2009, the authors sent a 24-item questionnaire to ob-gyn chief residents 

at 241 non-military ob-gyn residency programs, and results were published in 

2011 (Dietrich, Tran and Giardino, 2011). (See Appendix I for questionnaire.) 

After exclusions, an overall response rate of 30% (71/239) was achieved. 

Residents reported training in the medical evaluation of menorrhagia during 

residency with a mean of 9.1 hours per year in the first year of residency and 

11.1 hours/year in the second, third, and fourth years; 67.7% reported that they 

viewed their training in the medical evaluation of menorrhagia and bleeding 

disorders as sufficient preparation for clinical practice; and over two thirds 

reported specific training in common bleeding disorders, such as VWD. 

The questionnaire contained clinical scenarios, and the residents reported 

they would be more likely to perform a bleeding evaluation for menorrhagia at 

menarche (84.6%) rather than postpartum hemorrhage or menorrhagia as an 

adult woman post-childbearing. The residents also reported specific training 

on VWD type 1 (78.5%), VWD type 2 (67.7%), and VWD type 3 (63.1%). 

Table 7 a-d contains additional data: 

 

Tables 7. Ob-Gyn Chief Resident Survey Results 

 

Table 7a. (p.4) 
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Table 7b. (p.3) 

 

 
 

Table 7c. (p.3) 

 

 
Table 7d. (p.4) 

 

 
(Dietrich, Tran and Giardino, 2011) (Used with permission) 

 

Ob-gyn chief residents self-reported that they do receive training via 

didactics and clinical precepting in the evaluation of dysfunctional uterine 

bleeding and perceive their training to be sufficient for clinical practice. While 
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the majority of respondents included appropriate screening questions during 

history taking in the face of a potential bleeding disorder, fewer residents were 

aware of risk factors and clinical scenarios suggestive of bleeding disorders. 

Although most residents knew of situations that could improve or worsen 

bleeding conditions in the clinical setting, a sizeable number did not perform 

as well in the clinical management of dysfunctional uterine bleeding. The 

CREOG Educational Objectives (2013; 2016) call for such training. It is 

rewarding to see that the responding programs provided an average of 9.1 

hours of training in the first year and an average of 11.1 hours in subsequent 

years of training. Still, there is room for improvement. 

The NHLBI (2007) VWD guidelines place an emphasis on the medical 

history component of the bleeding disorder evaluation, and the residents who 

responded to this survey demonstrated an appropriate history. In response to 

clinical scenarios, a number of chief residents demonstrated an understanding 

of the basic laboratory and imaging workup, although there was limited 

understanding specifically for the evaluation of bleeding disorders. The survey 

also revealed that 76% of the ob-gyn chief residents thought their training was 

sufficient for the evaluation of bleeding disorders. (See Table 7 a-d.) 

 

 

Women’s Health Advanced Practice Nurses 
 

In 2012, all 2224 APNs who were members of the National Association of 

Nurse Practitioners in Women’s Health were sent an email containing a 25-

question anonymous survey assessing training experiences and knowledge in 

the evaluation of heavy menstrual bleeding and bleeding disorders in women 

(see Appendix II for questionnaire). After exclusions, a response rate after  

two rounds was 17% (N = 370). Mean age of participants was 49.8 years. 

Graduation years from a nurse practitioner program ranged from 1978 to 2012. 

Three-fourths (75.1%) of the participants identified themselves as Women’s 

Health NPs, and 90% of the participants were currently treating patients with 

heavy menstrual bleeding. The study will be published in 2017 (Kurkowski, 

Giardino, Sangi and Dietrich, 2017). Table 8 contains additional data. 

Bleeding disorders were addressed in 76% of the participants’ nurse 

practitioner training programs. Sixty-two percent of participants viewed their 

training as insufficient in the medical evaluation of bleeding disorders in  
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preparation for clinical practice. Nearly 16% reported that heavy menstrual 

bleeding at menarche would prompt a bleeding disorder workup. Over 43% of 

participants reported that heavy menstrual bleeding as an adult woman or 

postpartum hemorrhage would prompt them to consider a bleeding disorder 

workup. Over 65% reported they would order, as part of the clinical workup, 

no more than a complete blood count and thyroid-stimulating hormone for a 

patient with a history of heavy menstrual bleeding. When asked about 

education in school for VWD specifically, over half (59.5%) reported learning 

about type 1 VWD and less than 16% reported learning about types 2 and 3. 

The NPs whose programs addressed bleeding disorders were more likely 

to ask more questions about bleeding history, such as number of pads and 

tampons changed in a 24-hour period. VWD surprisingly was not reported as 

the most commonly taught bleeding disorder. Structured training in women’s 

health that addresses the basics of bleeding disorders should be included in the 

Women’s Health curriculum as advocated by HRSA (2012) in the section 

above. 

 

Table 8. Additional Data from 2012 APNs Survey 

 

Training Received by Study Participants 

For the training you received in the evaluation of menorrhagia, did you receive 

teaching in any of the following formats? 

Answer Options Yes No 

A. Occasional didactic presentations on 

Dysfunctional Uterine Bleeding? 

89.91% 10.09% 

B. Addressed bleeding disorders? 76.39% 23.60% 

C. Systematically taught throughout 

training? 

53.45% 47.16% 

D. Clinical care/evaluation, supervised 

by preceptor? 

74.30% 25.69% 

E. Clinical care/evaluation, without 

preceptor supervision? 

45.63% 54.69% 

F. Taught in Pediatric and Adolescent 

Gynecology 

30.58% 70.44% 

G. Taught in General Gynecology 87.26% 12.73% 
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Table 8. (Continued) 

 

Bleeding Disorder clinical work-up 

Training Sufficient in 

Bleeding Disorders 

Yes 

37.38% 

N = 140 

No/No opinion 

62.16% 

N = 230 

P value 

Routinely sent lab tests 

CBC 

Factor VIII 

VW panel 

TSH 

Coags 

VW multimer 

Ristocetin cofactor 

TEG 

Iron panel 

Fibrinogen 

PFA-100 

All 

None 

124 (88.6%) 

24 (17.1%) 

34 (24.3%) 

111 (79.3%) 

36 (25.7%) 

1 (.7%) 

1 (.7%) 

0 (0%) 

53 (37.9%) 

14 (10%) 

1 (.7%) 

0 (0%) 

5 (3.6%) 

164 (71.3%) 

15 (6.5%) 

21 (9.1%) 

136 (59.1%) 

37 (16.1%) 

1 (.4%) 

2 (.9%) 

2 (.9%) 

63 (27.4%) 

23 (10%) 

4 (1.7%) 

0 (0%) 

12 (5.2%) 

.0001 

.001 

<.0001 

<.0001 

.02 

.99 

.99 

.53 

.04 

.99 

.41 

--- 

.46 

Training Received, by Specific Disorder 

Please check the following disorders which may have been included in a 

training session on evaluation of menorrhagia in your advanced practice 

nursing program. (Check all that apply) 

Answer Options Response Percent 

Von Willebrand disease type 1 59.5% 

Von Willebrand disease type 2 15.7% 

Von Willebrand disease type 3 14.6% 

Bernard–Soulier syndrome 0.8% 

ITP (idiopathic thromocytopenic purpura) 50.0% 

TTP (thrombotic thrombocytopenic purpura) 25.1% 

Anemia chronic disease 56.8% 

IDA (iron deficiency anemia) 64.9% 

Blackfan-Diamond syndrome 0.8% 

Hemophilia 45.4% 

Glanzman’s thrombasthenia 0.0% 
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CONCLUSION/DISCUSSION 
 

The promulgation of the NHLBI VWD guidelines provides an excellent 

framework from which to improve the current training and move toward “best 

practices.” However, the adoption of best practices takes time in health care, 

as demonstrated by Green’s (2008) summary of scholarly work where he 

describes a pipeline of sorts and suggests, owing to rigors of peer review and 

the typical academic process, that it may take many years for evidence to 

amass and for a new standard of care to be adopted. Figures X.5 and X.6 

highlight the many steps along the peer-reviewed academic process for an idea 

to be tested and refined and come to be seen as evidence. 

Experience in many field bears witness to this arduous process. In 

pediatrics, for example, Cabana and colleagues (2000) have extensively 

studied guideline adoption around the care of asthmatic patients. Examining 

the barriers identified to adopting a set of NHLBI evidence-based guidelines 

on asthma care that were widely disseminated, Cabana and colleagues (2000) 

found that the providers themselves may not be aware, familiar or agree with 

the guideline. Additional practice logistics and providers’ perceptions of 

applicability to one’s patient population can also be impediments to adoption 

of the guideline, as are other factors such as lack of confidence that they will 

have an impact as well as what was termed practice inertia (takes time to make 

changes in already established). 

The 2007 NHLBI VWD guidelines provide an excellent example of the 

academic peer-review process identified by Green that leads to the 

promulgation of evidence meant to impact practice. Fortunately, training in the 

area of bleeding disorder evaluation and VWD evaluation and management for 

ob-gyn residents and Women’s Health NPs appears to be in place, but there is 

room for improvement. As would be expected, the training appears to be a mix 

of didactic and clinical precepting at the bedside, which seems appropriate. 

The amount of time dedicated to both didactic and clinical training is 

reasonable in view of the many competing time demands in the professional 

development curriculum. By self-report, ob-gyn residents think they are being 

adequately prepared for clinical practice, and Women’s Health NPs, while 

receiving training in bleeding disorders, would like to see more training to 

prepare them for practice.  
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*Based on Green L.W. from research to “best practice” in other setting and 

populations. Am. J. Health Behavior 25: 165-178, April-May 2001. 

Green, L. (2008). Making research relevant: If it is an evidence-based practice, where’s 

the practice based evidence? Family Practice, 25, 120-124. (Used with 

permission) 

“The pipeline conceptualization and implementation of transferring to practice results 

in successive constrictions of the flow of knowledge and an ‘evidence-based 

guideline’ product at the practitioner end of the pipeline that has a poor fit with 

practice circumstances such as funding, time constraints and patient demands” 

(Green, 2008). 

Figure 5. Green’s Evidence Pipeline and Timeline 

The value of the initial history is recognized by both groups of providers, 

and this supports the emphasis placed by the NHLBI guidelines on the 

screening and diagnostic value of the initial medical history taking. 

Considering the responses to clinical scenarios, ob-gyn residents demonstrate a 

sound grasp of the basic laboratory and imaging workup essential to the VWD 

guidelines, as do the Women’s Health NPs. The 2007 NHLBI VWD 

guidelines are an excellent practice aid that when adopted and adhered to can 

help address common bleeding disorders that will be seen by providers who  
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serve female patients across the life span. Realizing that self-report on a 

survey questionnaire may not reflect actual practice, and recognizing that 

many factors beyond knowledge of the existence of a guideline may impact 

adoption and adherence to it, we recommend that continued education be 

incorporated in the professional training of physicians and NPs with an 

emphasis on history-taking questions and physical examination findings that 

can serve as a guide to what laboratory and imaging studies may be required 

for accurate diagnosis and subsequent management decision making. 

 

 
The leakage points in the flow of original research into practice and the lag time 

between points as estimated by Balas from a variety of sources. Source: based on 

data reviewed and summarized by Balas, E.A. and Boren, S.A. (2000). Managing 

clinical knowledge for health care improvement. Yearbook of Medical Informatics 

2000: Patient-centered Systems. Stuttgart, Germany: Schattauer,65-70.  

Green, L. (2008). Making research relevant: If it is an evidence-based practice, 

where’s the practice based evidence? Family Practice, 25, 120-124. (Used with 

permission) 

Figure 6. Flow of Original Research into Practice 
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APPENDIX I: BLEEDING DISORDER EVALUATION 

CHIEF RESIDENT QUESTIONNAIRE 
 

I. Demographics 
 

1. Your Gender (Please check one) Male ________ Female _______ 
 

2. Size of residency program of which you are the Chief Resident (Please 

fill in) 

Total #_____: PGY-4 ___ PGY-3 ___ PGY-2 ___ PGY-1 ___ 

 

3. Setting that best describes where most of the patients served by your 

program reside: (Please check one): ____ Urban ___ Suburban ___ Rural ___ 

Not Sure 

 

4. The patient population your residency program serves is what percent 

of each of the following? Private ________ Public ________ 

 

5. Approximately how many hours of teaching in the medical evaluation 

of menorrhagia did you receive in each year of training? 

 

a) PGY-1 ____ hrs/yr __ not sure 

b) PGY-2 ____ hrs/yr __ not sure 

c) PGY-3 ____ hrs/yr __ not sure 

d) PGY-4 ____ hrs/yr __ not sure 

 

6. For the training you received in the evaluation of menorrhagia, did you 

receive the teaching in any of the following formats? 

                                                 YES    NO 

 

a) Occasional didactic presentations on Dysfunctional      ____  ____       

 Uterine Bleeding?  

b) Addressed bleeding disorders?                      ____  ____ 

c) Systematically taught throughout training?            ____  ____ 

d) Dysfunctional Uterine Bleeding - Taught in REI?       ____  ____ 

e) Clinical care/evaluation, supervised by faculty?        ____  ____ 

f) Clinical care/evaluation, without faculty supervision?   ____  ____ 

g) Other training that you received: 

1. Taught in Pediatric and Adolescent Gynecology?   ____  ____ 
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2. Taught in General Gynecology                 ____  ____ 

 

7. Do you consider the training in the medical evaluation of bleeding 

disorders to have been sufficient preparation for your clinical practice? 

___ Yes___ No___ No Opinion 

 

8. During your four years of residency training approximately how many 

bleeding disorders evaluations did you perform? (Please check one) 

None ___ 1-10 ___ 1-20 ___ 21-30 ___ 31-40 ___ 41-50 ___ > 50 ___ 

 

9. As a Chief Resident, have you performed any bleeding disorder 

workups for menorrhagia this year? (Please check one) 

Yes ___ If yes, how many? ___ No ___ Not sure ___ 

 

10. During your 4 years of residency, how often do you ask about cycle 

length with regard to Gynecology history? 

 

a) Always (100% of the time) 

b) Most of the time (>90%) 

c) Usually (70-90%) 

d) Sometimes (50-69%) 

e) Less than half of the time (1-49%) 

f) Never (0%) 

 

11. During your 4 years of residency, how often do you ask about days of 

bleeding with regard to Gynecology history? 

 

a) Always (100% of the time) 

b) Most of the time (>90%) 

c) Usually (70-90%) 

d) Sometimes (50-69%) 

e) Less than half of the time (1-49%) 

f) Never (0%) 

 

12. During your 4 years of residency, how often do you ask a 

menstruating patient about the number of pads and/or tampons used within a 

24-hour period? 

 

a) Always (100% of the time) 
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b) Most of the time (>90%) 

c) Usually (70-90%) 

d) Sometimes (50-69%) 

e) Less than half of the time (1-49%) 

f) Never (0%) 

 

13. During your 4 years of residency, how often do you ask about 

postpartum hemorrhage? 

 

a) Always (100% of the time) 

b) Most of the time (>90%) 

c) Usually (70-90%) 

d) Sometimes (50-69%) 

e) Less than half of the time (1-49%) 

f) Never (0%) 

 

 

II. Practice 
 

1. How often do you routinely ask about frequent nosebleeds? 

 

a) Always (100% of the time) 

b) Most of the time (>90%) 

c) Usually (70-90%) 

d) Sometimes (50-69%) 

e) Less than half of the time (1-49%) 

f) Never (0%) 

 

2. How often do you ask about gum bleeding? 

 

a) Always (100% of the time) 

b) Most of the time (>90%) 

c) Usually (70-90%) 

d) Sometimes (50-69%) 

e) Less than half of the time (1-49%) 

f) Never (0%) 
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3. How often do you ask about thyroid abnormalities? 

 

a) Always (100% of the time) 

b) Most of the time (>90%) 

c) Usually (70-90%) 

d) Sometimes (50-69%) 

e) Less than half of the time (1-49%) 

f) Never (0%) 

 

4. How often do you ask about easy bruising? 

 

a) Always (100% of the time) 

b) Most of the time (>90%) 

c) Usually (70-90%) 

d) Sometimes (50-69%) 

e) Less than half of the time (1-49%) 

f) Never (0%) 

 

5. Upon review of a patient’s surgical history, how often do you inquire 

about excessive bleeding following a tonsillectomy and adenoidectomy? 
 

a) Always (100% of the time) 

b) Most of the time (>90%) 

c) Usually (70-90%) 

d) Sometimes (50-69%) 

e) Less than half of the time (1-49%) 

f) Never (0%) 

 

6. How often do you routinely order an ultrasound with an adolescent with 

menorrhagia? 
 

a) Always (100% of the time) 

b) Most of the time (>90%) 

c) Usually (70-90%) 

d) Sometimes (50-69%) 

e) Less than half of the time (1-49%) 

f) Never (0%) 
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7. Given a history of heavy periods, which of the following would you 

send routinely? (Please check all that apply) 
 

____ a. CBC 

____ b. Factor VIII 

____ c. Von Willebrand factor 

____ d. TSH 

____ e. PT, PTT, INR 

____ f. PFA-100 

____ g. Von Willebrand multimers 

____ h. Ristocetin cofactor 

____ i. TEG 

____ j. All of the above 

____ k. None of the above 

 

8. For the following clinical scenarios, what would prompt you to perform 

a bleeding disorder workup? 

 

a) Menorrhagia at menarche 

b) Post partum hemorrhage 

c) Menorrhagia as an adult woman post-child bearing 

 

 

III. Risk Situations 
 

1. Please check the following disorders which may have been included in 

a training session on evaluation of menorrhagia (check all that apply). 

 

_____ VWD Type 1 

_____ VWD Type 2 

_____ VWD Type 3 

_____ Bernard-Soulier syndrome 

_____ ITP 

_____ TTP 

_____ Anemia chronic disease 

_____ IDA 

_____ Blackfan-Diamond syndrome 

_____ Hemophilia 

_____ Glanzman’s thrombasthenia 
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2. Please check those situations which you believe increase the risk for 

bleeding disorders. (Check all that apply) 

 

_____ Family history 

_____ Menorrhagia only at menarche 

_____ Menorrhagia anytime 

_____ Easy bruising 

_____ Gum bleeds 

_____ Hematoma development 

_____ Nosebleeds 

_____ Blood type 

_____ Thyroid disease 

_____ Other chronic conditions such as renal or liver disease 

 

3. Please mark which situations may make a bleeding condition better or 

worse. (Check better, worse or not applicable for letters a-k) 

 

                               Better  Worse  Not Applicable 

 

a) Hormone     _____  _____  _____ 

b) Pregnancy    _____  _____  _____ 

c) CCPS     _____  _____  _____ 

d) Blood type    _____  _____  _____ 

e) Thyroid disease    _____  _____  _____ 

f) Exercise    _____  _____  _____ 

g) Stress     _____  _____  _____ 

h) Liver/renal disease   _____  _____  _____ 

i) Aspirin    _____  _____  _____  

j) NSAID    _____  _____  _____ 

k) Tylenol    _____  _____  _____  

 

Please check her if you would like a copy of “A Pocket Guide to the 

Diagnosis, Evaluation and Management of Von Willebrand Disease.” 

Thank you for your participation in our survey! 
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APPENDIX II: BLEEDING DISORDER EVALUATION 

NURSE PRACTITIONER QUESTIONNAIRE 
 

I. Demographics 
 

1. Your Gender? (Please check one) Male ________ Female _______ 

 

2. What is your age? ____ 

 

3. What level of education prepared you for your current role as an 

advanced practice nurse? 

Bachelor’s Degree _____ Master’s Degree ___ Doctoral Degree ___ 

Other ___ 

 

4. What year did you graduate from your advanced practice nurse 

program? ________ 

 

5. Which type of advanced practice nurse are you? (Please check one) 

WHNP _____ FNP ___ ANP ___ CNM ___ Other___ 

 

6. Do you treat patients with menorrhagia? Yes_____ No ___ 

 

7. Setting that best describes where most of the patients served by your 

advanced practice nurse program reside: (Please check one) ____ Urban ___ 

Suburban ___ Rural ___ Not Sure 

 

 

II. Clinical Experience during Your Advanced Practice  

Nursing Program 
 

1. For the training you received in the evaluation of menorrhagia, did you 

receive teaching in any of the following formats? 

                                            YES    NO 

 

a) Occasional didactic presentations on Dysfunctional  

Uterine Bleeding?        ____  ____ 

b) Addressed bleeding disorders?       ____  ____ 

c) Systematically taught throughout training?     ____  ____ 
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d) Clinical care/evaluation, supervised by preceptor?     ____  ____ 

e) Clinical care/evaluation, without preceptor supervision? ____ ____ 

f) Other training that you received: 

1. Taught in Pediatric and Adolescent Gynecology? ____  ____ 

2. Taught in General Gynecology      ____  ____ 

 

2. Do you consider the training you recieved in the medical evaluation of 

bleeding disorders to have been sufficient preparation for your clinical 

practice? (Please check one) 

___ Yes___ No ___ No Opinion 

 

3. During your advanced practice nurse training approximately how many 

bleeding disorders evaluations did you perform? (Please check one) 

None ___ 1-10 ___ 1-20 ___ 21-30 ___ 31-40 ___ 41-50 ___ >than 50 

___ 

 

4. During your advanced practice nursing program, how often do you ask 

about cycle length with regard to Gynecology history? (Please check one) 

a) Always (100% of the time) 

b) Most of the time (>90%) 

c) Usually (70-90%) 

d) Sometimes (50-69%) 

e) Less than half of the time (1-49%) 

f) Never (0%) 

 

5. During your advanced practice nursing program, how often do you ask 

about days of bleeding with regard to Gynecology history? (Please check one) 

 

a) Always (100% of the time) 

b) Most of the time (>90%) 

c) Usually (70-90%) 

d) Sometimes (50-69%) 

e) Less than half of the time (1-49%) 

f) Never (0%) 

 

6. During your advanced practice nursing program, how often do you ask 

a menstruating patient about the number of pads and/or tampons used within a 

24-hour period? (Please check one) 
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a) Always (100% of the time) 

b) Most of the time (>90%) 

c) Usually (70-90%) 

d) Sometimes (50-69%) 

e) Less than half of the time (1-49%) 

f) Never (0%) 

 

7. During your advanced practice nursing program, how often do you ask 

about post partum hemorrhage? (Please check one) 

 

a) Always (100% of the time) 

b) Most of the time (>90%) 

c) Usually (70-90%) 

d) Sometimes (50-69%) 

e) Less than half of the time (1-49%) 

f) Never (0%) 

 

8. Please check the following disorders which may have been included in 

a training session on evaluation of menorrhagia in your advanced practice 

nursing program (Check all that apply). 

 

_____ Von Willebrand disease type 1 

_____ Von Willebrand disease type 2 

_____ Von Willebrand disease type 3 

_____ Bernard-Soulier syndrome 

_____ ITP (idiopathic thromocytopenic purpura) 

_____ TTP (thrombotic thrombocytopenic purpura 

_____ Anemia chronic disease 

_____ IDA (iron deficiency anemia) 

_____ Blackfan-Diamond syndrome 

_____ Hemophilia 

_____ Glanzman’s thrombasthenia 

 

 

III. Current Practice 
 

1. As an Advanced Practice Nurse, have you performed any bleeding 

disorder workups for menorrhagia this year? (Please check one) 

Yes ___ If yes, how many? ___ No___ Not sure 
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2. How often do you routinely ask about frequent nosebleeds? (Please 

check one) 

 

a) Always (100% of the time) 

b) Most of the time (>90%) 

c) Usually (70-90%) 

d) Sometimes (50-69%) 

e) Less than half of the time (1-49%) 

f) Never (0%) 

 

3. How often do you ask about gum bleeding? (Please check one) 

 

a) Always (100% of the time) 

b) Most of the time (>90%) 

c) Usually (70-90%) 

d) Sometimes (50-69%) 

e) Less than half of the time (1-49%) 

f) Never (0%) 

 

4. How often do you ask about thyroid abnormalities? (Please check one) 

 

a) Always (100% of the time) 

b) Most of the time (>90%) 

c) Usually (70-90%) 

d) Sometimes (50-69%) 

e) Less than half of the time (1-49%) 

f) Never (0%) 

 

5. How often do you ask about easy bruising? (Please check one) 

 

a) Always (100% of the time) 

b) Most of the time (>90%) 

c) Usually (70-90%) 

d) Sometimes (50-69%) 

e) Less than half of the time (1-49%) 

f) Never (0%) 
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6. Upon review of a patient’s surgical history, how often do you inquire 

about excessive bleeding following a tonsillectomy and adenoidectomy? 

(Please check one) 

 

a) Always (100% of the time) 

b) Most of the time (>90%) 

c) Usually (70-90%) 

d) Sometimes (50-69%) 

e) Less than half of the time (1-49%) 

f) Never (0%) 

 

7. How often do you routinely order an ultrasound with an adolescent with 

menorrhagia? (Please check one) 

 

a) Always (100% of the time) 

b) Most of the time (>90%) 

c) Usually (70-90%) 

d) Sometimes (50-69%) 

e) Less than half of the time (1-49%) 

f) Never (0%) 

 

8. Given a history of heavy periods, which of the following would you 

send routinely? (Please check all that apply) 

 

____ a. CBC 

____ b. Factor VIII 

____ c. Von Willebrand factor 

____ d. TSH (thyroid-stimulating hormone) 

____ e. PT, PTT, INR coagulation panel 

____ f. PFA-100 platelet function analyzer 100 

____ g. Von Willebrand multimers 

____ h. Ristocetin cofactor 

____ i. TEG (thromboelastogram) 

____ j. Iron panel 

____ k. Fibrinogen 

____ l. All of the above 

____ m. None of the above 
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9. For the following clinical scenarios, what would prompt you to perform 

a bleeding disorder workup? (Check all thay apply) 

 

a) Menorrhagia at menarche 

b) Postpartum hemorrhage 

c) Menorrhagia as an adult woman post-child bearing 

 

IV. Risk Situations 
 

1. Please check those situations which you believe increase the risk for 

bleeding disorders. (Check all that apply) 

 

_____ Family history 

_____ Menorrhagia only at menarche 

_____ Menorrhagia anytime 

_____ Easy bruising 

_____ Gum bleeds 

_____ Hematoma development 

_____ Nosebleeds 

_____ Blood type 

_____ Thyroid disease 

_____ Other chronic conditions such as renal or liver disease 

 

2. Please mark which situations may make a bleeding condition better or 

worse? (Check better, worse or not applicable for letters a-k) 

 

  Better   Worse   NotApplicable 

 

a) Hormone      _____  _____   _____ 

b) Pregnancy     _____  _____   _____ 

c) Oral contraceptive pills    _____  _____    _____ 

d) Blood type     _____  _____    _____ 

e) Thyroid disease      _____  _____    _____ 

f) Exercise     _____  _____    _____ 

g) Stress       _____  _____    _____ 

h) Liver/renal disease    _____  _____    _____ 

i) Aspirin      _____  _____    _____ 

j) NSAIDs      _____   _____   _____ 

k) Tylenol       _____   _____   _____ 
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Please check her if you would like a copy of “A Pocket Guide to the 

Diagnosis, Evaluation and Management of Von Willebrand Disease” (yes or 

no). Participant needs to leave name and address. 

Thank you for your participation in our survey! 
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ABSTRACT 
 

Composting process is a natural pathway to convert organic matter 

into humic substances end product. The objective of this study is focused 

mainly on the characterization of the microflora, which plays a key  

role as decomposers during the composting process and its interaction 

with physico-chemical parameters. Mesophilic microflora constitutes  

the pioneer component, while thermophilic microflora contributes 

significantly to the quality of the compost especially during the 

thermophilic stage. Indigenous microflora community changes during 

composting of activated sewage sludge and date palm waste, and food 

waste and garden clippings. The thermophilic microflora evolution during 

composting is linked to ascending temperature (over than 50°C). The 

mesophilic microflora is found to be more abundant than the thermophilic 

bacteria throughout the co-composting process. Total microflora followed 

the temperature profile variation. The values of pH, T°C and C/N ratio 

are typical values for composting process. The temperature rise and the 

abatement of C/N ratio during composting of sewage sludge/ date palm 

and household/green waste indicate the intense microbial activity. 

Thereafter, the decrease in biomass and temperature show the end of the 

composting process. Fungal microflora increases during the thermophilic 

stage with a high correlation rate in sewage sludge-palm waste 

composting. The changes in microflora explain the organic matter 

evolution during composting. The dynamics of microbial community in 

different compost ecosystems varies with qualitative and quantitative 

changes in physico-chemical conditions of compost, which is linked to 

the quality of organic matter degradation.  

 

Keywords: composting, microbial diversity, mesophilic and thermophilic 

microflora, physico-chemical parameters, maturity 

 

 

1. INTRODUCTION 
 

The decomposition of organic matter by biological processes is a natural 

path of recycling, and composting is one of the biological tools for 

decomposing biodegradable organic waste, especially sewage sludge and 

household organic waste. Solid organic waste composts used as organic 

fertilizers have beneficial effects on plant growth and are considered as a 

valuable soil amendment (Gharib et al., 2008). This practice is both 

agronomically interesting and waste management strategy attracting. 
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The composting process is characterized by two principal phases, which 

are stabilization and maturation stage. However, the microorganisms  

that populate substrates during composting reflect the evolution and the 

performance of the process. The microbial metabolic pathway influences the 

physico-chemical parameters, which in turn lead to changes of microbial 

community succession.  

With the required vigilance in monitoring of compost quality prior to land 

application of solid organic waste and sewage sludge, we expect a sharp 

variation in reported indigenous microflora. Current composting practice  

relies on indigenous microorganisms to complete the needed biochemical 

transformations to achieve a finished, stable product. Stability as defined by 

low CO2 respiration and lack of continued self- heating is required. 

Numerous microorganisms have been shown to be associated with 

composted raw matter (Ryckeboer et al., 2003b). It is evident that the 

microbial community, as a whole, plays an important role in the 

decomposition of organic materials and in the build-up of stabilized 

compounds. For most microbial species, however, the precise role in the 

composting process in unknown. It is important to mention that the presence 

of a large variety of mesophilic, thermotolerant and thermophilic aerobic 

microorganisms, including bacteria, actinomycetes, yeasts and various other 

fungi, have been extensively reported in composts and other self- 

heating organic materials (Amner et al., 1988; Faure and Deschamps, 1991; 

Finstein and Morris, 1975; Strom, 1985; Beffa et al., 1996). Many factors 

determine the microbial community during composting. Indeed, under aerobic 

conditions, temperature is the major factor that determines the types of 

microorganisms, species diversity, and the rate of metabolic activities. 

Until now, the identity of bacterial species involved in the composting of 

wastes has not been well studied, probably because of the lack of reliable 

technics. Current knowledge about the compost microbial community is based 

on different approaches such as the development of DNA-probe methods 

(Curiale, 1990) and phenotypic techniques (Krieger, 1992) that represent tools 

to identify at the genus level and at the species level the bacteria important for 

composting various wastes. 

The direct analysis of phospholipid fatty acid patterns (PLFA) (Klammer 

and Baath, 1998) or molecular techniques (Riddech et al., 2002) are also used. 

Klammer et al. (2008) differentiated microbial communities of mature 

compost originating from various organic wastes using denaturing gradient gel 

electrophoresis (DGGE). Fingerprinting techniques to assess the bacterial 

variation was also applied such as temperature gradient gel electrophoresis 
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(TGGE) (Heuer and Smalla 1997). To characterize bacterial communities, Liu 

et al. (1997) applied the polymerase chain reaction (PCR). Amplified rDNA 

restriction endonucleases analysis was used by Massol-Deya et al. (1995), 

terminal restriction fragment length polymorphism (T-RFLP) of the 16S rRNA 

genes was proposed by Liu et al. (1997). Beside, Liu et al. (1997) showed  

that the T-RFLP fingerprinting technique has provided a rapid mean to assess 

community diversity in various environments. The traditional microbiological 

approach is still effectual (Chroni et al., 2009). El Fels et al. (2014a) in 

investigating the microbial succession by using two different culture 

approaches, Growth Standard Media (GSM) and Compost Time Extract Agar 

(CTEA). 

Lacking knowledge about microflora, may make it difficult for engineered 

compost technologies to achieve desired levels of control. In order to evaluate 

the process and the end product biotransformation, a better knowledge of  

the functional microbial community dynamics is needed. The aim of this  

study was to investigate the microflora succession and the relation to  

abiotic parameters in biowaste composting, using traditional microbiological 

techniques. 

 

 

2. SUCCESSION OF MICROORGANISMS  

DURING COMPOSTING 
 

Compost microorganisms are influenced by the composition of the 

substrate and by the temperature in the compost pile. In addition, different 

microorganisms also influence each other, e.g., through competition. In the 

first phase of composting, microbial activity increases drastically, leading to a 

rise in temperature. The initial bacterial dominance is replaced by a fungal one 

during compost maturation. Compost management aims to achieve favorable 

conditions for microorganisms activity. The substrate type, the size of the 

compost pile and of the particles, the frequency of turning for aeration, and 

moistening, all these parameters affect the microbial process. 

The microroganisms present at the beginning of the process are introduced 

with the raw matter with which the composting process is started. It has been 

known that composts typically contain very high numbers of microorganisms 

that of about 1010- 1012 viable cells g-1 (Beffa et al., 1996; Tiquia et al., 1996), 

the major ones being bacteria (Epstein, 1997). Narihiro et al. (2004) counted 

up to 1011 cells per gram dry weight during composting of household 
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biowaste. Very heterogeneous groups are found in the composting substrate. 

Few mesophilic fungi and numerous thermophilic bacteria and fungi were 

found in household waste (Ryckeboer et al., 2003a). Food wastes based 

vegetable residues contains fungi and yeast and low bacteria concentration 

(Choi and Park, 1998). El Fels et al. (2015) showed that the actinobacteria and 

fungal microflora are the most dominant in sludge mixed with date palm waste 

with a dominance of mesophilic and thermotolerant microflora. 

Microbial properties of the compost play a significant role in the 

decomposition and the humification of organic waste materials. At the 

beginning of the composting process, a significant change of microbial 

comunity occurs. The microbial biomass increases but not all microorganisms 

multiply at the same speed. Klamer and Baath (1998) showed a six-fold 

increase during the first day of composting. Microbial biomass was found  

to be high and its activity was essential for the release of nutrients into the 

medium so as to be taken by the plants (James, 1991). The indigenous 

microflora degrades the original substrate by producing different enzymes 

needed for the degradation of organic substrate, this ensures to produce 

metabolites and create new physical and chemical conditions during 

composting. These changed parameters, especially temperature, affect the 

succession of microbial communities (Tuomela et al., 2000). 

The rise in temperature due to microbial activity at the so-called 

thermophilic stage affects the fungal activity which is completely suppressed 

(Thambirajah et al., 1995; Guo et al., 2007). Gram-positive bacteria increase 

with increasing temperature and decrease when the compost is cooling down 

(Klamer and Baath, 1998). Cunha-Queda et al. (2007) showed that during 

thermophilic stage the highest enzymatic activity occurs. A decrease of 

temperature less than 50°C is translated into a decrease in the enzymatic 

activity of the microbial community This characteristics determines the  

second important composting stage called maturation phase, during which the 

number of gram negative bacteria and fungi increases again (Klamer and 

Baath 1998). Ryckeboer et al. (2003b) showed that the bacterial and fungi 

diversity increases during maturation phase. 

During composting, the microflora changes according to dynamic, 

complex microbial interactions and environmental factors. Antagonistic 

interactions between the different microorganisms explain also the change in 

microbial community.  
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3. MATERIAL AND METHODS 
 

3.1. Composting Trials 
 

Co-composting trials were conducted by mixing the activated sewage 

sludge/palm waste on a composting platform over a period of 180 days 

according to El Fels et al. (2014a, 2014b; 2015).  

 

Mixture A: Sludge + Date palm tree waste 1:1 (v/v) 

 

Samples of activated sewage sludge/palm waste mixture were collected at 

various times of composting: 0, 15, 22, 30, 60, 90 and 180 days. 

Food waste was collected from the households participating in a larger 

study and garden clippings were composted by Chroni et al. (2009) for 125 

days in a pilot plant in the Technological Education Institute (TEI) of 

Herakleio, Crete.  

 

Mixture B: Food waste + Garden Clippings 1:1 (v/v). 

 

Composite samples of approximately 1 kg were obtained on days 0, 22, 

33, 40, 57, 71, 92 and 125 from three different points in the pile core.  

Each mixture was carefully homogenized, ambient and pile temperatures 

were monitored daily. The mean value of the pile temperature at the three 

mixtures was noted. The mixtures were turned by hand to aerate the mixture. 

Water was added during turning. Homogeneous samples were taken at T0 

(first day of composting) and after each airing (aerating the mixture). 

Homogeneous samples (1 kg) were obtained by careful mixing of several sub 

samples taken at different points (height and length) of the windrow and 

quartering. The chemical and physical characteristics of the raw mixture and 

its components are presented in table 1. 

 

 

3.2. Biological Analysis 
 

3.2.1. Enumeration of Cultivable Indigenous Microflora during 

Sludge/Palm Composting 

According to El Fels et al. (2015), the elemental samples at each 

composting time (0, 15, 22, 30, 60, 90 and 180 days) were first mixed, 
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suspended in sterile distilled water (10 g in 100 mL), homogenized by 

vortexing and finally treated during 10 to 15 min by sonication according to 

Ouhdouch et al. (2001); El Fels et al. (2014a). All treated samples were 

serially diluted up to 10-6 and functional microflora enumerated by plating and 

spreading 0.1 mL of 10-4, 10-5 and 10-6 dilutions over the surface of the 

composting time extracts agar (CTEA) prepared according to El Fels et al. 

(2014a) as described below: one litre of distilled water and 35 g of composting 

time sample were mixed overnight. Agar (15 g) was added to the filtrate 

collected after it had been filtered and sterilized at 120°C for 15 min. The  

pH was adjusted to that of the composting time sample before sterilization.  

For each sample at the various composting times, the plates were incubated  

at 28°C for mesophilic and 45°C for thermophilic microflora enumeration.  

For fungus evaluation, the media were supplemented with 5 g/mL of 

chloramphenicol to inhibit the development of bacteria. For other 

microorganisms, the media were supplemented with 40 μg /mL of actidione to 

inhibit the development of fungi. Microbial analyses were performed in 

triplicate. 

For mixture B and according to Chroni et al. (2009), microbial groups 

were determined by the dilution plate count technique. Mesophilic and 

thermophilic microorganisms were incubated at 30°C and 55°C. Total aerobic 

bacteria were cultivated on nutrient agar (LabM) after 2 days of incubation. 

Filamentous fungi were enumerated on Sabouraud dextrose agar (LabM) 

supplemented with Streptomycine (0.03 g/l). 

 

Table 1. Evolution of physico-chemical parameters of substrate during 

composting of mixtures A and B according to El Fels et al. (2014a)  

and Chroni et al. (2009) 

 

 Sewage 

sludge 

Date 

palm 

Food 

waste 

Garden 

clippings 

Mixture A Mixture B 

Composting time 

T0 Tf T0 Tf 

pH 6.45 6.31 4.1 6.5 6.04 7.03 4.2 1.74 

Moisture 

%  

46.46 25.1 84.5 37.8 60.97 66 79.9 45.5 

C/N 20.8 37.13 25.2 138.4 27.4 10.08 41.4 20.9 

T0: Initial stage Tf: Final stage. 
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4. STATISTICAL ANALYSIS 
 

The results are presented in the form of averages ± SEM (standard error  

of the mean). Comparison of the averages was made by ANOVA. The 

differences are considered significant at p < 5%. 

 

 

5. RESULTS AND DISCUSSION 
 

5.1. Principal Changes of Waste Samples 
 

Table 1 summarizes the principal chemical characteristics (average 

values) of the solid waste material used at the beginning of the composting 

process and the final composts thus obtained. 

The composting process went through changes in temperature. For 

mixtures A (sludge and palm waste) the temperature indicated a typical 

composting pattern characterized by two major phases. Thermophilic phase 

(stabilization phase) characterized by a rise in temperature which peaked its 

maximum value at 65°C at 15th day of the process (El Fels et al., 2014b), 

thereafter at cooling stage the value decreased to reach ambient temperature. 

For mixture B (Food waste and Garden Clippings) the temperature remained 

above 50°C for about 2 months, while it reached its maximum value of 67°C 

at the 25th day of the process (Chroni et al., 2009). This is the result of intense 

microbial activity resulting from the degradation of the organic matter present 

in the substrate. Composting is essentially a microbiological phenomenon that 

depends highly on temperature fluctuation within the windrows (Hassan et al., 

2002). Stentiford (1996) showed that the operating temperature ranges  

are as follows: >55°C to maximize sanitation, 45-55°C to maximize the 

biodegradation rate, and 35-40°C to maximize microbial diversity. After the 

thermophilic phase, the temperature of the windrow for the two mixtures A 

and B dropped regularly to reach ambient temperature. This second phase is 

due to the exhaustion of easily metabolized organic compounds from the 

medium with only compounds resistant to degradation remaining.  

Literature data showed that the average temperature curve during 

composting showed two principal phases. Mesophilic microorganisms activity 

in waste piles tended to increase during process, which increase the 

temperature to reach up to 50°C as a consequence of biodegradation of organic 

compounds (Alberti, 1984; Mustin, 1987). This important step occurrs 
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generally at the first 30th days; during which the temperature exceeds the 

tolerance limit of mesophilic microorganisms and promotes development of 

thermophilic microorganisms (Hassan et al., 2002; El Fels et al., 2015). On the 

other hand, the increasing temperature leads to the destruction of many 

pathogenic microorganisms, such as coliforms, Gram-negative and Gram-

positive bacteria (El Fels et al., 2016). Then the temperature decreases with the 

exhaustion of nutriment at second stage. 

The C/N ratio drops from 27.4 to 10.08 for mixture A (sludge mixed with 

date palm). The C/N ratio of the raw mixture (food waste and garden 

clippings) was 41.7 this ratio fell to 20.9 at the 125th day (Table 1). The 

notable difference between C/N ration of both mixture A and B is linked to the 

input substrate (sewage sludge, palm waste, food waste and garden clippings), 

which is rich in carbon and nitrogen with significant quantities. Ryckeboer et 

al. (2003b) showed that carbohydrates, proteins, lipids and lignin are the  

main components of organic matter. At a C/N ratio between 25 and 40, the 

microbial enzymatic activity is intense that leads to a rise in temperature. The 

initial moisture content was 60.97% for mixture A and 79.9% for mixture B, 

the value increased to 66% for mixture A and decreased to 45% for mixture B 

at the end of the process. This is due to the texture of the substrates and their 

capacity to absorb the water. The microbial activity is influenced by the 

moisture content. Liang et al. (2003) showed that a minimal moisture content 

of about 50% is necessary for optimal aerobic activity. Nevertheless, a high 

moisture content affects negatively biological activity (Das and Keener, 1997) 

and a high water content favours bacteria over fungi (Finstein and Morris, 

1975). Evaporation during composting explains also the variation rate of water 

content. 

 

 

5.2. Microbial Succession during Composting 
 

Microbial communities change according to temperature variations. It is 

important to mention that the presence of a large variety of mesophilic, 

thermotolerant and thermophilic aerobic microorganisms, including bacteria, 

actinomycetes, yeasts and various other fungi, has been extensively reported in 

composts and other self-heating organic materials (Amner et al., 1988; Faure 

and Deschamps, 1991; Finstein and Morris, 1975; Strom, 1985; Beffa et al., 

1996).  

During composting the indigenous microorganisms are active, they 

degrade the original substrate leading to a new physico-chemical environment. 



Loubna El Fels, Abdelghani El Asli, Souad Loqman et al. 226 

This causes significant change in microbial communities (Hassen et al., 2001; 

El Fels et al., 2015). 

The succession of microbial communities present in the compost is  

the result of dynamic, complex interactions between the microflora and  

its environment. The activity of fungal microflora is almost completely 

suppressed at thigh temperature (Thambirajah et al., 1995). When the compost 

heats the Gram-positive bacteria increase, in return however the Gram-

negative bacteria and fungi increase with rising temperature, but decrease at 

higher temperature up to 50°C (Klamer and Baath, 1998). This explains that 

succession of microflora is linked to the physico-chemical changes especially 

temperature. Ryckeboer et al. (2003a); El Fels et al. (2014b) on the basis of 

phospholipid-fatty acid and fatty acid methyl-esters study showed that at end 

of composting most communities of microorganisms are declined. Klamer and 

Baath (1998) showed that fungal activity is mainly important during 

maturation stage. 

Microbial dynamics between mixtures A and B are shown in table 2. The 

results show the same development appearance (profile) with a peak during 

the thermophilic stage of composting with higher abundance of mesophilic 

microflora compared to the thermophilic one. El Fels et al. (2014a) explained 

these high values during the thermophilic phase as a result of high levels of 

thermotolerant microflora in the sludge substrates. At the beginning of  

the composting process for mixtures A and B, the microbial activity was 

mainly due to the mesophilic microbial community, with total mesophilic 

microorganisms counts being about two and twenty orders of magnitude 

higher than the corresponding thermophilic group (Table 2). As shown by El 

Fels et al. (2014a) the mesophilic microflora (in mixture A) increased from 43 

× 1010 CFU/g to 91 × 1010 CFU/g on 60 day of composting, decreasing 

thereafter to 56 × 1010 CFU/g on day 180. The thermophilic microflora varied 

in the range from 1.9 × 1010 CFU/g to 5.6 × 1010 CFU/g, decreasing thereafter 

to 1.91 × 1010 CFU/g on day 180 (Table 2). However in mixture B, Chroni et 

al. (2009) showed the total mesophilic bacteria increased from 3.2 × 106 

CFU/g to 1.7 × 109 CFU/g on day 57. The maximum count was observed at 

the beginning of the cooling phase, decreasing thereafter to 3.8 × 104 CFU/g 

on day 125. The thermophilic bacteria grew fast from 1.3 × 104 CFU/g dw (dry 

weight) in the raw material to 1.0 × 109 CFU/g dw on day 59, after the period 

where the highest temperatures for about 5 weeks were recorded. Their counts 

followed the temperature and declined thereafter, dropping to 5.1 × 104 CFU/g 

dw on day 125 (Table 2). Particular difference was drawn between mixture  

A and B. The total microbial community (mesophilic and thermophilic 
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microflora) of activated sludge and date palm waste composting was higher 

than the based on food waste and garden clippings. The nature and origin of 

the initial substrate explain in part the differences occurring between the 

microbial biomass during composting of mixture A and B. Schnürer et al. 

(1985) showed that microbial biomass has been recognized both as a 

transforming agent and as a source and sink for various nutrients. The hyphal 

lengths and bacteria numbers increased parallel with organic matter content. 

The same authors showed that oxygen consumption and bacteria was twice as 

numerous in soil with carbon amendments as compared with control.  

Fungal microflora followed the temperature variation during composting 

of activated sludge; they are increasing especially during the thermophilic 

stage of composting. They reached 50% of the total of the mesophilic and 

thermophilic microflora of mixtures A. The correlation between temperature 

and microbial succession shows that fungi and temperature are highly 

correlated for both mesophilic and thermophilic microflora (Figure 1). This 

can explain that the fungal microflora of composted substrates is especially of 

the thermotolerant type. 

Mesophilic fungi in mixture B declined sharply as thermophilic 

temperatures were reached (from 2.5 × 106 to 3.2 ×102 CFU/g dw on day 22) 

and remained at this level thereafter. In contrast, the numbers of thermophilic 

fungi exhibited a small increase (from 2.8 × 102 to 9.8 × 103 CFU/g dw) as 

temperature rose in the first month of composting, stabilising thereafter. 

The variation of the fungal population between two mixtures A and B 

indicates the high variation of ecological parameters during composting of 

both mixtures. Temperature, C/N, moisture are shown as the principal 

parameters which could affect the microbial succession during composting. 

Particular correlations (about R2 = 0.9) (Figure 1) was drawn between the 

temperature and fungal microflora evolution during composting of sludge 

(mixture A). Nevertheless, there is a very low (R2 = 0.08) (Figure 1) of fungal 

microflora and temperature correlation during composting of mixture B. 

 

Table 2. Microbial dynamic during composting of mixture A and B 

according to El Fels et al. (2014a) and Chroni et al. (2009) 

 

Mixtures Mesophilic microflora Thermophilic microflora 

T0 TI TF T0 TI TF 

A (UFC/g) 43 × 1010 91 × 1010 56 × 1010 1.9 × 1010 56 × 1010 1.9 × 1010 

B (UFC/g) 3.2 × 106 1.7 × 109 3.8 × 104 1.3 × 104 1.0 × 109 5.1 × 104 

T0: Initial stage. TI: Intermediate stage. TF: Final stage. 
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Figure 1. Correlation between fungal succession and temperature evolution during 

composting of sewage sludge-date palm (A) and food waste-garden clippings (B). 

Finstein and Morris (1975); Ishii et al. (2000) showed that fungi 

proliferate especially at low temperatures (below 45°C) and maturation stage 

is characterized by the development of a new mesophilic fungal community. 

Fungi have been developed from all four phases of the compost cycle, but 

appear most prevalent during the initial and middle mesophilic phases (De 

Bertoldi et al., 1983; Ryckeboer et al., 2003a, b). Waksman et al. (1939), 

Ghazifard et al. (2001); Vijay et al. (2002); Anastasi et al. (2005) isolated 

thermotolerant fungi genera at higher temperatures. Maheshwari et al. (2000) 

explained that thermophilic fungi are unique group of molds that include 30 

odd species with an ability to thrive at temperatures between 45°C and  

60°C. The distribution, colonization and succession of thermophilic fungal 

population in compost is closely related with their ability to produce a  

variety of cell wall degrading enzymes (Sharma, 1989) including cellulases, 

hemicellulases and other important hydrolases, i.e., amylases, lipases, acid 

proteases, etc, which explain widely the proliferation of fungal microflora in 

mixture A based on sludge-palm composting. The above reasons explain that 

beside temperature the substrates and their structure is also a main key to 

microflora succession during composting. 

 

 

CONCLUSION 
 

The present study investigates the microbiological succession during 

composting of two different mixtures, mixture A based on sewage sludge-date 
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palm and mixture B as mixture of food waste and garden clippings. The 

windrow composting for biowaste progressed well, with stabilizing of the 

main abiotic parameters such as temperature rise and C/N ratio which reached 

about 10 for mixture A and 20 for mixture B. The mesophilic and thermophilic 

microflora varied during composting process with a peak during the 

thermophilic stage for both mixtures A and B. This explains that activity is due 

to the mesophilic, thermotolerant and thermophilic microflora. In comparison, 

a high microbial abundance in mixture A was noted. The fungal microflora 

increased highly during the thermophilic stage of composting for mixture A 

corresponding to 50% for the mesophilic and thermophilic microflora of 

mixtures. At the end of both A and B mixture composting and when easy 

assimilated organic compounds are consumed there is a microbial biomass 

declined. Several physico-chemical parameters influence the microbial change 

during composting, and one of the most important factors in this biological 

process seems to be temperature and the nature of the initial substrate. 
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