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PREFACE

The subject of this monograph, curcumin, which gives the yellow color to turmeric,
best known as Haridra in Sanskrit (means dear to Hari or Lord Krishna). Turmeric
is known by several synonyms related to its appearance or use, including Pita
(yellow, leading to the name Peethamber dhari for Lord Krishna based on wearing
only yellow clothes), Gauri (brilliant), Kanchani (looks like gold), Nisha (beautiful
as a full moon night), Krimighni (antibacterial and antihelmenthic), Mahaghni
(antidiabetic), and Yoshit priya (gynecological disorders). In Hindi, turmeric is
known as Haldi, in Japanese as Ukon or Gajyutsu, and in Korean as Ulgeum or
Gangwhang.

Turmeric is mentioned in the writings of the Italian explorer Marco Polo, who
was introduced to it during his voyage to China and India around 1290 ad. Al-
though he gets credit for bringing Far East spices to Europe, turmeric was actually
introduced in Europe in the 13th century ad by Arab traders. The Portuguese ex-
plorer Vasco de Gama visited the Indian subcontinent during the 15th century and
brought turmeric and other spices of the Orient to the West. It was only during the
rule of the British in India that turmeric was combined with various other spices
and renamed “curry powder,” as it is called in the West.

Turmeric became of special importance to man with the discovery that when
added to various food preparations, its dried and powdered rhizome preserved
their freshness and nutritive value and improved the palatability and presentation
of food. The brilliant yellow color of turmeric, which persists even at very high
dilutions, found its way to commercial use as a coloring agent for various items,
including cotton, silk, paper, wood, foodstuffs, and cosmetics. In Ayurveda (science
of long life), turmeric has been used internally as a stomachic, tonic, and blood
purifier and topically in the prevention and treatment of skin diseases. Turmeric
concoctions have been traditionally used for the treatment of flatulence, dyspepsia,
liver disorder, jaundice, urinary tract diseases, cold, chronic otorrhea, parasitic skin
infection, bruises, sprain, wound, infected wound, and inflammation.

We are currently living in an era when 80% of the world’s population cannot af-
ford modern medicine. Even for those 20% who can, much of modern medicine is
ineffective and has numerous side effects. It is a good time to revive the medicinal
use of the ancient medicine curcumin. In this volume we bring together the con-
tribution of modern science to one of the most ancient spices known to mankind.
Curcumin’s beneficial role in health and disease and its molecular targets are the
focus of this monograph. This volume is directed at clinicians and scientists work-
ing in the areas of experimental and molecular therapeutics, molecular medicine,
translational cancer research, Ayurveda, herbal medicine, naturopathy, and bio-
medical sciences in general and, most importantly, to the end users of curcumin.
We hope that this book will “add spice to everybody’s life.”
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FOREWORD

It is indeed a matter of pride and privilege to write the Foreword; to this scholarly
contribution on curcumin—the major constituent of turmeric. The volume has
been successful in seamlessly connecting the traditional knowledge available on
turmeric to the findings of systematic modern research on turmeric and, based
on this effort, building the possibilities of developing novel drugs to treat diverse
diseases. Turmeric (Curcuma longa)—a widely cultivated tropical plant—has been
used since ancient times as a spice, as a beauty care agent, and as a traditional
medicine.

The rhizome of turmeric is highly aromatic and antiseptic. The medicinal prop-
erties of turmeric have been expounded in Ayurvedic and traditional Chinese
medicine (TCM) texts. Turmeric is traditionally known as a stomachic, blood
purifier and is useful for the common cold, leprosy, intermittent fevers, afflictions
of the liver, indolent ulcer, pyogenic (forming pus) afflictions, wound-healing, and
inflammation.

In recent years, the medicinal properties of turmeric have increasingly been
recognized. It is being researched systematically even in the Western world. I
remember fighting the “turmeric battle” on the wrong patent on the wound-healing
properties of turmeric that was given by the US Patent Office almost a decade ago.

As per the US National Library of Medicine, 256 research papers were published
last year on curcumin. The researchers have found in curcumin a near-perfect start-
ing material for drug discovery. Thus, a variety of curcumin analogues have been
prepared and evaluated biologically. Curcumin exhibits a wide range of activities
[e.g., antibacterial, anti-inflammatory, hypolipidemic, hepatoprotective, lipoxyge-
nase (LOX), cyclooxygenase (COX), protease inhibitory effects, in addition to
being effective as an active oxygen scavenger and lipid peroxidase (a class of
oxidoreductase enzymes) inhibitor]. Curcumin and the curcuminoids also lower
cholesterol, reduce platelet aggregation, inhibit the proliferation of cancer cells,
and improve digestion by increasing the flow of bile from the gallbladder. The
desirable preventive or putative therapeutic properties of curcumin have been con-
sidered to be associated with its antioxidant and anti-inflammatory properties.

Curcumin has been found to modulate the activity of several key transcription
factors and, in turn, the cellular expression profiles. The effect of curcumin has been
examined on most of the targets discovered within the last three decades. Curcumin
modulates several different transcription factors, cytokines, growth factors, kinases
and other enzymes. The research results have been elaborately covered in this book
and explanations provided would add to knowledge pool.

The National Institutes of Health has four clinical trials in progress on cur-
cumin treatment, namely for pancreatic cancer, multiple myeloma, Alzheimer’s
disease, and colorectal cancer. Curcumin has been found to possess potential

ix
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x FOREWORD

chemopreventive activities. It shows cytotoxic potential against tumor cells both
in vitro and in vivo. Thus, curcumin fits well in the effort of chemoprevention
by edible phytochemicals, which is now considered to be an inexpensive, readily
applicable, and accessible approach to cancer management. The optimization of
intervention trials of diet-derived putative chemopreventive agents is currently un-
der development in normal populations as well as in high- risk groups. Curcumin is
also a good immunomodulator. These biological activities warrant further studies
of curcumin in the treatment and prevention of human neoplasm.

Curcumin has enormous potential as an antiangiogenic drug. It has been elabo-
rately explained in the chapter discussing this. The property has been attributed to
curcumin’s ability to downregulate certain transcription factors and proangiogenic
factors. Curcumin also has the necessary characteristics of a neuroprotective drug.
The activity has been proven in a variety of disease models. Thus, it has great
potential for the prevention of multiple neurological conditions for which current
therapeutics are less than optimal. The chapter entitled “Neuroprotective Effects
of Curcumin” embodies the research carried out on the subject and the existing
necessity for further efforts. The curcumin-mediated regulation of COX and LOX
enzymes for obtaining their beneficial effects in preventing diverse inflammatory
diseases has been dwelt upon in another chapter. Interestingly, curcumin has an
edge over conventional nonsteroidal anti-inflammatory drugs and selective COX-2
inhibitors. This might pave the way for path-breaking research in the domain.

This volume in fact covers the length and breadth of research undertaken on
curcumin and research results thus far obtained. The diversity ranges from molec-
ular targets, cell growth regulation, antioxidant and anti-inflammatory properties,
chemosensitivity, radio protection, and radio sensitivity to immunomodulation,
anticancer effects, cardioprotective effects, nephroprotective to hepatoprotective
effects, protection from acute and chronic lung diseases to pharmacokinetics and
pharmacodynamics and clinical studies undertaken with curcumin. The canvas
thus covered is indeed brilliant.

As research advances, it poses newer challenges as well. Several questions in
the light of the new drug development effort thus remain to be answered in order
to put curcumin in a higher orbit. These pertain to the solubility and stability of
curcumin, its optimum dose, pharmacokinetics, mechanism of action of curcumin
for a given disease, bioavailability profile, and intricacies of prevention and cure
of an identified disease. Further research is thus necessary on these aspects. There
is also a need to find out whether other components of turmeric than curcumin
have beneficial effects, either alone or in combination with curcumin.

I am happy to see that the contributions in this book have proven beyond doubt
that curcumin—an ingredient of the traditional Indian spice turmeric—has enor-
mous potential against a variety of malignant and nonmalignant diseases. I am
confident that the state-of-the-art on curcumin research so nicely compiled and
analyzed throughout this volume would provide an insight and learning not only to
professionals in the field but also to budding researchers. I hope that they would be
inspired to answer the unanswered questions on curcumin based on new research
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FOREWORD xi

endeavors. I congratulate the editors of the volume and the contributors of the
various chapters for creating this unique and scholarly marvel.

R.A. Mashelkar, FRS
Director General

Council of Scientific & Industrial Research, New Delhi, India
October 19, 2006
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CURCUMIN: THE INDIAN SOLID GOLD

Bharat B. Aggarwal, Chitra Sundaram, Nikita Malani,
and Haruyo Ichikawa

Abstract: Turmeric, derived from the plant Curcuma longa, is a gold-colored
spice commonly used in the Indian subcontinent, not only for health care but
also for the preservation of food and as a yellow dye for textiles. Curcumin,
which gives the yellow color to turmeric, was first isolated almost two centuries
ago, and its structure as diferuloylmethane was determined in 1910. Since the
time of Ayurveda (1900 bc) numerous therapeutic activities have been assigned
to turmeric for a wide variety of diseases and conditions, including those of
the skin, pulmonary, and gastrointestinal systems, aches, pains, wounds, sprains,
and liver disorders. Extensive research within the last half century has proven
that most of these activities, once associated with turmeric, are due to cur-
cumin. Curcumin has been shown to exhibit antioxidant, anti-inflammatory, an-
tiviral, antibacterial, antifungal, and anticancer activities and thus has a poten-
tial against various malignant diseases, diabetes, allergies, arthritis, Alzheimer’s
disease, and other chronic illnesses. These effects are mediated through the reg-
ulation of various transcription factors, growth factors, inflammatory cytokines,
protein kinases, and other enzymes. Curcumin exhibits activities similar to re-
cently discovered tumor necrosis factor blockers (e.g., HUMIRA, REMICADE,
and ENBREL), a vascular endothelial cell growth factor blocker (e.g., AVASTIN),
human epidermal growth factor receptor blockers (e.g., ERBITUX, ERLOTINIB,
and GEFTINIB), and a HER2 blocker (e.g., HERCEPTIN). Considering the
recent scientific bandwagon that multitargeted therapy is better than monotar-
geted therapy for most diseases, curcumin can be considered an ideal “Spice for
Life”.

1. INTRODUCTION

The questions of whether medicines discovered today are safer, more efficacious,
and more affordable than generic medicines (whose patents have expired) or
medicines that are centuries old could be answered “no” for most of the mod-
ern medicines. If so, then it is logical to revisit and revive these age-old medicines
for the welfare of mankind. Curcumin is one such medicine. Its history goes
back over 5000 years, to the heyday of Ayurveda (which means the science of
long life). Turmeric derived from the rhizome of the plant Curcuma longa has

1
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been used by the people of the Indian subcontinent for centuries with no known
side effects, not only as a component of food but also to treat a wide variety of
ailments.

Turmeric is a spice of golden color that is used in cooking in the Indian sub-
continent. Because of its color and taste, turmeric was named “Indian saffron”
in Europe. Today, India is the primary exporter of turmeric (known as haldi in
India). Although its ability to preserve food through its antioxidant mechanism,
to give color to food, and to add taste to the food is well known, its health-
promoting effects are less well recognized or appreciated. It was once considered
a cure for jaundice, an appetite suppressant, and a digestive. In Indian and Chinese
medicines, turmeric was used as an anti-inflammatory agents to treat gas, colic,
toothaches, chest pains, and menstrual difficulties. This spice was also used to
help with stomach and liver problems, to heal wounds and lighten scars, and as a
cosmetic.

Turmeric was mentioned in the writings of Marco Polo concerning his 1280
journey to China and India and it was first introduced to Europe in the 13th
century by Arab traders. Although Vasco de Gama (a Portugeese sailor) dur-
ing 15th century, after his visit to India, truly introduced spices to the West, it
was during the rule of British in India that turmeric was combined with vari-
ous other spices and renamed “curry powder,” as it is called in the West. What
is there in turmeric that has therapeutic potential, how does this substance me-
diates its effects, with what types of receptor does it interact, and for what
type of diseases is it effective? All of these questions will be addressed in this
review.

2. COMPOSITION OF TURMERIC

Turmeric contains a wide variety of phytochemicals, including curcumin,
demethoxycurcumin, bisdemethoxycurcumin, zingiberene, curcumenol, curcu-
mol, eugenol, tetrahydrocurcumin, triethylcurcumin, turmerin, turmerones, and
turmeronols.1 Curcumin, demethoxycurcumin, and bisdemethoxycurcumin have
also been isolated from Curcuma mangga,2 Curcuma zedoaria,3 Costus speciosus,4

Curcuma xanthorrhiza,4 Curcuma aromatica,5 Curcuma phaeocaulis,5 Etlingera
elatior,6 and Zingiber cassumunar7 (Figure 1; see Table 1). Curcumin is the phy-
tochemical that gives a yellow color to turmeric and is now recognized as being
responsible for most of the therapeutic effects. It is estimated that 2–5% of turmeric
is curcumin. Curcumin was first isolated from turmeric in 1815, and the structure
was delineated in 1910 as diferuloylmethane. Most currently available preparations
of curcumin contain approximately 77% diferuloylmethane, 18% demethoxycur-
cumin, and 5% bisdemethoxycurcumin. Curcumin is hydrophobic in nature and
frequently soluble in dimethylsulfoxide, acetone, ethanol, and oils. It has an ab-
sorption maxima around 420 nm. When exposed to acidic conditions, the color
of turmeric/curcumin turns from yellow to deep red, the form in which it is used
routinely for various religious ceremonies.
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Curcuma zedoaria
(White turmeric, Zedoary root)

Curcuma longa
(Haldi, Turmeric, Ukon, Woolgum,  Kunyit, Oendre,

Rame, Temu kuning, Temu kunyit, Goeratji, Kakoenji,
Koenjet, Kondin, Tius, Kunir, Gianghuang)

Curcuma mangga
(Manogo ginger)

Curcuminoids
Sources

Curcuma aromatica
(Wild turmeric, Vanarishta,

Jangali Haldi, Aranyaharidra)

Curcuma xanthorrhiza
(Temu Lawak, Ubat Jamu,
Ubat maaju)

Costus speciosus
(Cane Reed, Crepe ginger,

 Wild ginger, Keokand)

Zingiber cassumunar
(Cassumunar ginger)

Etlingera elatior
(Torch ginger, eka,
opuhi, pua vao)

Curcuma Phaeocaulis
(Ezhu, Zedoary rhizome,

Gajutsu)

0.1%

3-8% 3%

1-2%

Figure 1. Sources of curcuminoids. (See also Plate 1 in the Color Plate Section.)

3. CURCUMIN ANALOGUES

As indicated earlier, turmeric contains three different analogues of curcumin (i.e.,
diferuloylmethane, also called curcumin, demethoxycurcumin, and bisdemethoxy-
curcumin (Figure 2). Whether all three analogues exhibit equal activity is not
clear. Although in most systems curcumin was found to be most potent,8,9 in some
systems bisdemethoxycurcumin was found to exhibit higher activity.3,10 There
are also suggestions that the mixture of all three is more potent than either one
alone.11,12

When administered orally, curcumin is metabolized into curcumin glucuronide
and curcumin sulfonate.13 However, when administered systemically or intraperi-
toneally, it is metabolized into tetrahydrocurcumin, hexahydrocurcumin, and hexa-
hydrocurcuminol. Tetrahydrocurcumin has been shown to be active in some
systems14–18 and not in others.13,19 Whether other metabolites of curcumin ex-
hibit biological activity is not known.

4. USES OF CURCUMIN

The use of turmeric for health purposes is nothing new. As a folklore medicine, its
use has been documented in both Indian and Chinese cultures. The long list of uses
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Table 1. List of various species of curcuma.

C. aeruginosa
C. albicoma
C. albiflora
C. alismatifolia
C. amada
C. amarissima
C. americana
C. angustifolia
C. aromatica*
C. attenuata
C. aurantiaca
C. australasica
C. bakeriana
C. bicolor
C. brog
C. burttii
C. caesia
C. cannanorensis
C. caulina
C. careyana
C. ceratotheca
C. chuanezhu
C. chuanhuangjiang
C. chuanyujin
C. cochinchinensis
C. codonantha
C. coerulea
C. colorata
C. comosa*
C. cordata
C. cordifolia

C. coriacea
C. decipiens
C. domestica
C. ecalcarata
C. ecomata
C. elata
C. erubescens
C. euchroma
C. exigua
C. ferruginea
C. flaviflora
C. glans
C. glaucophylla
C. gracillima
C. grahamiana
C. grandiflora
C. haritha
C. harmandii
C. heyneana
C. inodora
C. latiflora
C. latifolia
C. leucorhiza
C. leucorrhiza
C. loerzingii
C. longa*
C. longiflora
C. longispica
C. lutea
C. malabarica
C. mangga*

C. meraukensis
C. montana
C. musacea
C. mutabilis
C.neilgherrensis
C. nilamburensis
C. ochrorhiza
C. officinalis
C. oligantha
C. ornata
C. pallida
C. parviflora
C. parvula
C. peethapushpa
C. petiolata
C. phaeocaulis*
C. pierreana
C. plicata
C. porphyrotaenia
C. prakasha
C. pseudomontana
C. purpurascens
C. purpurea
C. raktakanta
C. ranadei
C. reclinata
C. rhabdota
C. rhomba
C. roscoeana
C. rotunda
C. rubescens

C. rubricaulis
C. rubrobracteata
C. sessilis
C. sichuanensis
C. singularis
C. soloensis
C. sparganifolia
C. speciosa
C. spicata
C. stenochila
C. strobilifera
C. sulcata
C. sumatrana
C. sylvatica
C. sylvestris
C. thalakaveriensis
C. thorelii
C. trichosantha
C. vamana
C. vellanikkarensis
C. viridiflora
C. wenchowensis
C. wenyujin
C. xanthorrhiza*
C. yunnanensis
C. zanthorrhiza
C. zedoaria*
C. zerumbet

Note: Curcuma is indicated by C.
∗Curcuminoids have been isolated from the plant indicated in bold.

Source: Modified from http://en.wikipedia.org/wiki/Curcuma.

include antiseptic, analgesic, anti-inflammatory, antioxidant, antimalarial, insect-
repellant, and other activities associated to turmeric.4,20–27 (Figure 3). Perhaps
one of the most often prescribed uses is for wound-healing.28 This activity is well
known to people from the Indian subcontinent. Modern research has provided
considerable evidence, and the mechanism by which turmeric/curcumin could
accelerate wound-healing has been described.29–36

It is now well recognized that most chronic diseases are the result of dis-
regulated inflammation,37,38 Turmeric has been traditionally described as an
anti-inflammatory agent. Recent scientific evidence has indeed demonstrated that
turmeric, and curcumin in particular, exhibits potent anti-inflammatory activities
as determined by a wide variety of systems.39–49 Therefore, it is not too surprising
that turmeric displays activities against a variety of diseases. Because curcumin
also exhibits potent antioxidant activity, whether the anti-inflammatory activity of
curcumin is mediated through its antioxidant mechanism is not clear. Since most
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Figure 2. Chemical structures of curcumin and its analogues.

well-characterized antioxidants do not exhibit anti-inflammatory activity, it is
unlikely that the anti-inflammatory activity of curcumin is due to its antioxidant
activity.

5. MOLECULAR TARGETS OF TURMERIC/CURCUMIN

Most molecular targets established in modern biology were discovered within
the last three decades. The effect of curcumin on most of these targets has
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Figure 3. Traditional uses of curcmin. (See also Plate 2 in the Color Plate Section.)

been examined10,12,45,50–201 (Figure 4). The results have revealed that curcumin
can modulate several different transcription factors,50–96,113,114 cytokines,45,97–112

growth factors,202–215 kinases,115–128 and other enzymes.91,129–159 Although most
diseases are caused by dysregulated inflammation, to find a safe and efficacious
anti-inflammatory agent is a real challenge in modern medicine. Steroids are per-
haps the best known anti-inflammatory agents. However, there are numerous side
effects associated with them. In addition to steroids, numerous nonsteroidal antiin-
flamatory drugs (NSAIDs) have been discovered within the last century, and these
include salicylates, ibuprofen, sulindac, phenylbutazone, naproxen, diclofenac,
indomethacin, and coxibs.216 Experience over the years has indicated that most
of these NSAIDs are associated with a constellation of side effects. Perhaps the
best example is the cardiovascular system-related side effects recently identified
with most coxibs.217–219 Although the intake of such anti-inflammatory agents
can be justified for chronic conditions, they are not appropriate as chemopreven-
tive agents under normal conditions, because that purpose requires long periods
of time. Thus, there is a great need for safer and efficacious anti-inflammatory
agents.

Numerous lines of evidence suggest that curcumin is a potent anti-inflammatory
agent (see Figure 5). First, curcumin suppresses the activation of the transcrip-
tion factor NF–�B, which regulates the expression of pro-inflammatory gene
products.50–81 Second, curcumin downregulates the expression of COX-2, an
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Figure 4. Molecular targets of curcumin. Abbreviations used: NF-�B, nuclear factor-�B;

AP-1, activating protein-1; STAT, signal transducers and activators of transcription; Nrf-2,

nuclear factor erythroid 2-related factor; Egr-1, early growth response gene-1; PPAR� ,

peroxisome preoliferator-activated receptor-� ; CBP, CREB-binding protein; EpRE, elec-

trophile response element; CTGF, connective tissue growth factor; EGF, epidermal growth

factor; EGFRK, EGF receptor-kinase; FGF, fibroblast growth factor; HGF, hepatocyte

growth factor; NGF, nerve growth factor; PDGF, platelet-derived growth factor; TGF-�1,

transforming growth factor-�1; VEGF, vascular endothelial growth factor; AR, androgen

receptor; Arh-R, aryl hydrocarbon receptor; DR-5, death receptor-5; EGF-R, EGF-receptor;

EPC-R, endothelial protein C-receptor; ER-�, estrogen receptor-�; Fas-R, Fas receptor;

H2-R, histamine (2)-receptor; InsP3-R, inositol 1,4,5-triphosphate receptor; IR, integrin

receptor; IL-8-R, interleukin-8-receptor; LDL-R, low-density lipoprotein-receptor; MMP,

matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinase-3; iNOS, inducible

nitric oxide synthase; COX-2, cyclooxygenase-2; LOX, lipoxygenase; Gcl, glutamate-

cysteine ligase; NAT, arylamine N -acetyltransferases; IAP, inhibitory apoptosis protein;

HSP-70, heat shock protein 70; MDR, multidrug resistance; TNF-�, tumor necrosis factor-

�; IL, interleukin; MCP, monocyte chemoattractant protein; MIF, migration inhibition

protein; MIP, macrophage inflammatory protein; cAK, autophosphorylation-activated

protein kinase; CDPK, Ca2+-dependent protein kinase; cPK, protamine kinase; ERK,

extracellular receptor kinase; FAK, focal adhesion kinase; IARK, IL-1 receptor-associated

kinase; JAK, janus kinase; JNK, c-jun N-terminal kinase; MAPK, mitogen-activated

protein kinase; PhK, phosphorylase kinase; PKA, protein kinase A; PKB, protein kinase

B; PKC, protein kinase C; pp60c-src, a nonreceptor protein tyrosine kinase c-Src,

cellular src kinase; TK, protein tyrosine kinase; FPTase, farnesyl protein transferase;

GST, gluthathione-S-transferase; HO, hemeoxygenase; ICAM-1, intracellular adhesion

molecule-1; VCAM-1, vascular cell adhesion molecule-1; ELAM-1, endothelial leukocyte

adhesion molecule-1; Bcl-2, B-cell lymphoma protein 2; SHP-2, Src homology 2 domain-

containing tyrosine phosphatase 2, uPA, urokinase-type plasminogen activator, DFF40;

DNA fragmentation factor, 40-kd subunit. (See also Plate 3 in the Color Plate Section.)
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Figure 5. Potential uses of curcumin based on modern technology. (See also Plate 4 in the

Color Plate Section.)

enzyme linked with most types of inflammations.75,177–181,183 Third, curcumin
inhibits the expression of another pro-inflammatory enzyme, 5-LOX.177,182–184

Additionally, curcumin has been shown to bind to the active site of 5-LOX and
inhibit its activity183 Fourth, curcumin downregulates the expression of various
cell surface adhesion molecules that have been linked with inflammation.220–222

Fifth, curcumin downregulates the expression of various inflammatory cytokines,
including TNF, IL-1, IL-6, IL-8, and chemokines.45,97–112 Sixth, curcumin has
been shown to inhibit the action of TNF, one of the most pro-inflammatory
cytokines.97–100 Seventh, curcumin is a potent antioxidant, which might contribute
to its anti-inflammatory action.16,19,31,159,223–279 All of this recent evidence con-
firms the anti-inflammatory action of curcumin, known for thousands of years. Its
pharmacological safety combined with its anti-inflammatory action, makes it an
ideal agent to explore for preventive and therapeutic situations.

Whereas pro-oxidants are considerd mediators of numerous diseases, antioxi-
dants are generally believed to delay or halt the disease. However, this paradigm
is not always valid, as most cytokines mediate their effects through pro-oxidant
mechanisms. Reactive oxygen species (ROS) also play an important role in cell-
mediated cytotoxicity (CMC) of the immune system. Numerous reports indicate
that curcumin could mediate both pro-oxidant and antioxidant roles. First, cur-
cumin could induce the expression of ROS,8,280–282 which plays an important
role in the antiproliferative effects of this molecule.283 Second, curcumin binds
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Figure 6. Signaling pathway modulated by curcumin. Intermediates upregulated by cur-

cumin are indicated as ⇑ and those downregulated by curcumin are indicated as ⇓.

thioredoxin reductase (TR) and converts this enzyme to NADPH oxidase, thus lead-
ing to the production of ROS.284 Because TR is overexpressed in tumor cells,285–287

curcumin kills tumor cells through this mechanism. Third, curcumin suppresses
lipid peroxidation.224,226–228,232,234,238,252,256,264,265,268,288,289 Fourth, curcumin in-
creases the expression of intracellular glutathione.139,140,142,143,146,290–294 Fifth,
curcumin could also play an antioxidant role through its ability to bind iron.229 All
of these reports combined suggest the ability of curcumin to modulate the redox
status of the cells. That curcumin can modulate the cellular action of various growth
factors and cytokines has also been demonstrated (Figure 6). First, curcumin has
been shown to downregulate the effect of epidermal growth factor (EGF) through
downregulation of expression and activity of EGF receptors (EGFR).203,210–212

Second, curcumin has been shown to downregulate the activity of human EGFR-
2 (called HER2/neu),127 a growth factor receptor closely linked with cancer of
the breast, lung, kidney, and prostate. Third, curcumin suppresses the action of
interleukin (IL)-6 through the downregulation of STAT3 activation.296 Fourth,
curcumin modulates the action of TNF, a growth factor for tumor cells.297 Fifth,
curcumin negatively regulates the action of IL-2,298 a growth factor for T cells.
Thus, curcumin can affect the action of a wide variety of growth factors.202–215
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Angiogenesis is a process of vascularization of the tissue, which is critical
for the growth of solid tumors. Numerous molecules have been linked with an-
giogenesis. These include vascular endothelial growth factor (VEGF), COX-2,
fibroblast growth factor (FGF), and TNF. Evidence suggests that curcumin could
suppress angiogenesis.113,205,208,299–303 Curcumin includes its ability to down-
regulate the expression of VEGF.208 Likewise, it downregulates FGF-mediated
angiogenesis.205 Curcumin was found to negatively regulate the expression of
COX-274,177–181 and suppresses both the expression and action of TNF.97–100

6. CURCUMIN RECEPTORS

Receptors are cellular proteins to which a molecule binds, leading to secondary
cellular responses. Whether there are any authentic receptors for curcumin is not
known. However, numerous molecules to which curcumin binds have been identi-
fied. These include serum albumin,304,305,306 5-LOX,183,307 xanthine oxidase,159

thioredoxin reductase,284 iron,295 COX-2,308 IKK,309 p-glycoprotein,310,311

GST,291 PKA,115 PKC.115 cPK,115 PhK,115 autophosphorylation-activated pro-
tein kinase,115 pp60c-src tyrosine kinase,115 Ca2+-dependent protein kinase
(CDPK),116 Ca2+-ATPase of sarcoplasmic reticulum,131 aryl hydrocarbon
receptor,186 rat river cytochrome p450s,291 Topo II isomerase,312 inositol 1,4,5-
triphosphate receptor,313 and glutathione.143

7. DISEASE TARGETS OF CURCUMIN

Extensive research within the last half a decade has revealed that curcumin
has potential against a wide variety of diseases, both malignant and nonma-
lignant (see Figure 5). The potential of curcumin, however, has not been sys-
tematically examined through the modern multicenter, randomized, double-
blind, placebo-controlled clinical trials.314–335 Its potential in humans is indi-
cated either through preclinical studies, some pilot studies in humans, anec-
dotal studies in patients, or epidemiological studies. Curcumin has been
shown to exhibit activity against numerous inflammatory diseases, includ-
ing pancreatitis,100,214,261,336,337 arthritis,105,338–341 inflammatory bowel disease
(IBD),332 colitis,342–344 gastrititis,345,346 allergy,99,347,348 and fever,349,350 possibly
through the downregulation of inflammatory markers, as indicated earlier. The
effect of curcumin against various autoimmune diseases has also been demon-
strated; they include scleroderma,351 psoriasis,352multiple sclerosis,111,353 and
diabetes.354–362 Again, these effects of curcumin are through the regulation of
pro-inflammatory signaling.

Although once thought to be distinct, the molecular targets for both the
prevention and therapy of cancer are now considered the same,363,364. Nu-
merous lines of evidence suggest the potential of curcumin against various
types of cancer11,56,76,83,95,145,153,155,273,283,298,309,365–462 (see Table 2). First,
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Table 2. Chemopreventive and anticancer effects of curcumin.

Skin
External cancerous lesion405

Human basal cell carcinoma469

Human melanoma412–414

Human epidermal carcinoma415

Prevention from

7,12-dimethylbenz[a]anthracene11,406

Prevention from azoxymethanol407

Prevention from benz[a]pyrene and

12-O-tetradecanoylphorbol-13-acetate408

Prevention from 12-O-tetradecanoylphorbol-

13-acetate153,155,409

Prevention from

12-O-tetradecanoylphorbol-13-acetate- and

7,12-dimethylbenz[a]anthracene410

Oral
Prevention from

methyl-(acetoxymethyl)-nitrosamine416

Prevention from 4-nitroquinoline 1-oxide417

Prevention from

7,12-dimethylbenz[a]anthracene418–420

Esophageal
Prevention from

N-nitrosomethylbenzylamine421

Forestomach
Prevention from benzo[a]pyrene406,422,423

Prevention from

N-methyl-N’-nitro-N-nitrosoguanidine424

Intestine
Prevention from Min/+ mouse

(a model of familial adenomatous

polyposis)425,426

Colon
Colon adeno carcinoma95,435–440

Prevention from azoxymethane427–433

Prevention from 1,2-dimethylhydrazine

dihydrochrolide434

Mammary gland
Prevention from 7,12-

dimethylbenz[a]anthracene11,427,441–443

Prevention from diethylstilbestrol444

Prevention from radiation365,455

Liver
Human hepatoblastoma371,462

Prevention from diethylnitrosamine366,367,369

Prevention from N-nitrosodiethylamine and

phenobarbital370

Prostate
Prevention from 3,2’-dimethyl-4-aminobiphenol

(DMAB) and 2-amino-1-

methylimidazo[4,5-b]pyridine (PhIP)372

Blood and Bone Marrow
Human leukemia145,273,373–379

T-lymphocyte298,380,381

Rat thymocytes382

Rat histhymocytoma283

B-cell lymphoma56,383,384

B-cell non-Hodgkin’s lymphoma385,386

Burkitt’s lymphoma387

Human multiple myeloma83,309,388

Primary effusion lymphoma389

Brain
Neuroblastoma390,391

Ehrlich’s ascites carcinoma456,480

Astrocytoma393

Breast
Breast carcinoma 394–399

Gatrointestinal
Gastric signet ring carcinoma400

Head and Neck
Head and neck squamous cell carcinoma76,200,401

Lung
Human lung402,447

Pancreas
Pancreatic carcinoma403

Ovarian
Human ovarian404

curcumin has been shown to suppress the proliferation of a wide variety
of tumor cells through the downregulation of antiapoptotic gene prod-
ucts, activation of caspases, and induction of tumor suppressor genes such
as p53.95,145,283,298,313,351,373–384,389–393,396,397,399–403,411,412,415,435–440,463–499
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Second, curcumin has also been to shown to suppress the invasion of tumors
through the downregulation of matrix metalloproteinases (MMPs) and cell surface
adhesion molecules134,208,220,301,302,340,346,500–507 Third, curcumin suppresses the
angiogenesis of tumors through the suppression of angiogeneic cytokines.508–512

Fourth, the anti-inflammatory effects of curcumin contribute to its antitumor
activity as well.39–49

Curcumin has also been shown to play a role in diabetes mellitus type II,
in which the patient develops a resistance to insulin.354,356,359–361,513 Both NF–
�B and TNF have been linked with the induction of resistance to insulin. Be-
cause curcumin can downregulate the activation of NF–�B and downregulate
TNF expression and TNF signaling,97–100 it can be exploited in diabetic patients.
Several animal studies have demonstrated that curcumin can overcome insulin
resistance.514,515

That curcumin prevents myocardial infarction and other cardiovascular diseases
has also been demonstrated.202,516–524 The effects of curcumin in cardiovascular
diseases are linked to its ability to (1) inhibit platelet aggregation,215,525–529 (2)
inhibit inflammatory response,90,202,530–532 (3) lower LDL and elevate HDL,533–538

(4) inhibit fibrinogen synthesis,539 and (5) inhibit oxidation of LDL.288,531,540–542

All of these activities contribute to the cardiovascular effects of curcumin. Because
curcumin can suppress amyloid-induced inflammation, curcumin has also been
linked to the suppression of Alzheimer’s disease.150,297,327,543–554

8. CONCLUSION

The above description and various other chapters in this volume prove that cur-
cumin has enormous potential for a variety of diseases. There are, however, still
several unanswered questions. First, phase I clinical trials have indicated that
as high as 12 g of curcumin per day for over 3 months is well tolerated in
humans.334 What the optimum dose of curcumin is for the treatment of a given
disease is not clear. Serum levels of curcumin tend to be low,334 which might
be responsible for its pharmacological safety, These data have led to the no-
tion that curcumin has low bioavailability. Second, the tissue concentration of
curcumin and how it compares to what is seen in cell culture conditions are
not known. There are studies, however, that suggest that agents such as piper-
ine (a component of black pepper) can enhance the bioavailability of curcumin
through suppression of its glucuronidation occurring primarily in the liver and in
the intestine.317 Third, whether there are components of turmeric other than cur-
cumin that have beneficial effects either alone or in combination with curcumin
needs to be determined. For instance, numerous activities have been assigned to
turmeric oil.307,555–559 Fourth, what effect do other spices have on the pharmacol-
ogy and the biology of curcumin needs to be determined. Fifth, structural analogues
of curcumin that are more bioavailable and efficacious are needed. However, this
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might compromise the safety of curcumin. Sixth, well-controlled large clinical
trials are required to determine the potential of curcumin both in the prevention
and therapy of a disease. All of these studies should further add to the usefulness
of curcumin. Overall, the biological safety, combined with its cost and efficacy,
and thousands of years of experimentation justify calling curcumin “Indian Solid
Gold.”
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ABBREVIATIONS USED

EGF, epidermal growth factor; EGFR, EGF receptor; NF-�B, nuclear factor-�B;
TNF, tumor necrosis factor; AP-1, activating protein-1; JNK, c-jun N-terminal ki-
nase; MMP, matrix metalloprotease; COX-2, cyclooxygenase 2; iNOS, inducible
nitric oxide synthase; HDL, high-density lipoprotein; LDL, low-density lipopro-
tein; TGF-�1, transforming growth factor beta 1; IL, interleukin; STAT, signal
transducers and activators of transcription; proteins, low molecular weight pro-
teins; NSAIDs, nonsteroidal anti-inflammatory drugs; amyloid precursor; GST,
gluthathione-S–transferase; LOX, lipooxygenase; ROS, reactive oxygen species;
VEGF, vascularendothelial growth factor; FGF, fibroblast growth factor; IKK, I�B
kinase; PKC, protein kinase C; PKA, protein kinase A.
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HIGHLY ACTIVE ANTICANCER
CURCUMIN ANALOGUES

Cara A. Mosley, Dennis C. Liotta, and James P. Snyder

Abstract: Curcumin, a compound in the human food supply, represents a near-
perfect starting point for drug discovery. Consequently, a number of research
groups have taken the natural product as a starting point to prepare and biologi-
cally evaluate a wide variety of curcumin analogues. One widely used structural
modification truncates the central conjugated �-diketone in curcumin to the mono-
carbonyl dienone. A diverse array of the latter compounds exhibit cytotoxicities
against an equally diverse set of cancer-related cell lines. Importantly, these com-
pounds still retain toxicity profiles in rodents comparable to the parent natural
product, whereas some analogues (e.g., EF-24, 41) exhibit good oral bioavailabil-
ity and good pharmacokinetics in mice. Thiol conjugates of EF-24 analogues have
been prepared that address stability and solubility issues while demonstrating cellu-
lar activities similar to the unmodified dienones. In parallel experiments, the factor
VIIa–tissue factor complex (fVIIa-TF) has been exploited to develop a targeting
strategy for the analogues. In particular, the EF24-FFRck-fVIIa protein conjugate
is not only somewhat more effective relative to the drug alone against breast cancer
and melanocyte cells. Both simple curcumin analogues and the protein conjugate
evidence antiangiogenic activity in cell culture. The implication is that the fVIIa-
TF targeting process, like the dienone drugs, permits a double-pronged attack with
the potential to destroy a tumor directly by apoptosis.

1. INTRODUCTION

Many chemotherapeutic approaches to the range of diseases that fall in the can-
cer category have been explored. Perhaps the oldest of these involves the use of
natural products. Because compounds made by plants and microorganisms often
serve to attract allies or repel, disable, or kill competitors, it is not surprising that
natural products have proved to be a rich source of potential anticancer therapies.
However, a delicate balance must be struck between a compound’s cancer-fighting
capabilities and its toxicological profile for it to progress from a lead to a clinically
useful agent. As a consequence, many promising natural product leads had to be
structurally modified (natural product optimization) to produce compounds that
exhibit more favorable pharmacologic profiles.

Today, the screening of natural products represents one of many approaches
used to discover new drugs. Other methods include, inter alia, computer-assisted
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small-molecule drug design, combinatorial synthesis/high-throughput screening
and the development of monoclonal antibodies. However, just as with natural
products, drug candidates developed using these approaches can exhibit varying
types of toxicity that manifest themselves as undesirable side effects. For exam-
ple, Gleevec, a small-molecule drug used in treating chronic myeloid leukemia
(CML), is generally well tolerated with only mild side effects.1 Similarly, the an-
tibody Herceptin exhibits drug-induced complications in only 1–4% of patients.2

By contrast, many natural-product-derived chemotherapeutics are accompanied by
significant toxicities. Taxol (paclitaxel, PTX), almost completely water insoluble,
is delivered in a vehicle formulation of 50% ethanol and 50% polyethoxylated
castor oil (Cremophor EL). The vehicle has been associated with various side ef-
fects, including hypersensitivity in 41–44% of all patients,3,4 whereas PTX shows
both neurotoxicity and cardiotoxicity in a subset of patients. Doxorubicin, a potent
broad-spectrum inhibitor of human tumors, also exhibits severe adverse side ef-
fects. Among other things, the compound has been cited as the cause of irreversible
degenerative cardiomyopathy and congestive heart failure.5 Clearly, these serious
side effects limit the overall clinical utility of these compounds.

In contrast to natural products that are prone to serious side effects, curcumin (1,
Figure 1), the compound that imparts the color and spicy flavor to both turmeric
and curry powder, is nontoxic. In the general population, it is consumed daily as a
dietary spice at levels up to 100 mg/day.6 In clinical trials, it has been administered
at up to 8 g a day without showing untoward side effects.7 This yellow spice has
a long history in Eastern cultures as a treatment for a multitude of ailments, most
commonly inflammation. Recently, curcumin has emerged as a key weapon in the
fight against cancer. As a pleiotropic anticancer agent, the compound operates by a
number of mechanisms as detailed in recent reviews.6,8,10 Curcumin is cytotoxic
to a variety of tumor cells, exhibits antimetastatic activity, inhibits the survival
factor nuclear factor-�B (NF-�B), blocks angiogenesis, and is a potent antioxidant.
Together, these findings imply that curcumin is a rare example of a substance
that possesses both chemotherapeutic and chemopreventative properties without
debilitating consequences for the patient.

Although the effects of curcumin on cellular pathways continue to be stud-
ied, there has been much research devoted to developing and understanding the
structure–activity relationships (SARs) responsible for the drug’s anticancer prop-
erties. By synthesizing families of analogues and subjecting them to biological

O O
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Figure 1. Curcumin (1) and selected general structural permutations accomplished through
analogue synthesis (2). (See also Plate 5 in the Color Plate Section.)
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scrutiny, research workers hope to achieve an improvement in curcumin’s natural
anti-cancer and pharmacological profile while retaining its low toxicity.

2. BACKGROUND: CURCUMIN ANALOGUES IN CANCER
TREATMENT

Structurally, there are three sectors in the molecular structure of curcumin that have
been modified in the course of attempting to produce an “improved curcumin.”
These encompass the aromatic rings (red), the �-diketone moiety (blue), and the
two flanking double bonds conjugated to the latter (green) (1, Figure 1). Successful
synthesis of such analogues has resulted in the development of potential anticancer
candidates that target various stages and/or processes in cancer cell growth.

Although there are exceptions, successful anticancer compounds based on cur-
cuminoid structures ordinarily retain the conjugated �,�-unsaturated ketone moi-
eties (2, Figure 1) Advances in antiangiogenic analogue SARs suggest that a
variety of structural types are tolerated for potency. Inventive experiments using
�-diketone curcumin analogues have been shown to be cytotoxic to prostate and
breast cancer cell lines. Treatment of the corresponding cancers has traditionally
involved hormonal therapy. Finally, SAR analysis has shown that ortho-substituted
�,�-unsaturated ketones are the most potent antioxidants, an important finding for
chemoprevention.11

2.1. Michael Acceptors Increase Anticarcinogenic Potency

The �,�-unsaturated �-diketone moiety of curcumin has received much attention
in terms of its mechanistic role in promoting cytotoxicity. Generally, conjugated
enones act as Michael acceptors (Figure 2) with thiols preferred over amino or
hydroxy nucleophiles.12

Three recent articles describe attempts to exploit curcumin’s potential as a
Michael acceptor. Two of the studies imply the operation of such an interaction
between curcumin and glutathione (GSH), but the products from the reactions
are complex and ill-defined.13,14 One investigation isolated two isomers from the
combination of 1 and GSH separable by preparative high-performance liquid chro-
matography (HPLC). Both compounds by mass spectrometry furnished a molecu-

R2

O
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_

R2

O

R1

_
Nu

R2

O

R1

NuH2O

(3) (4) (5)

Figure 2. A Michael acceptor. The �,�-unsaturated ketone (3) undergoes attack at the �-
position by the nucleophile (Nu) to generate an enolate intermediate (4). Aqueous quenching
gives the product (5), a �-functionalized ketone.
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Figure 3. Hypothetical tautomeric isomers of curcumin–GSH (1-GSH).

lar weight (m/z) of 675.8, corresponding to a monoglutathionyl-curcumin adduct:
1-GSH.15 The two compounds are stable for up to 2 weeks when stored at −20◦C,
although no structures were reported. We surmise that the isomers, with HPLC
retention times within 1 min of one another, are most likely the enol tautomeric
Michael adducts 6 and 7, as shown in Figure 3. If this is correct, it is not obvious
why the compounds are unstable. As discussed below, certain monoketone ana-
logues of curcumin, by contrast, form adducts with GSH that are isolable, stable,
and water soluble. A likely scenario is that the addition is reversible. Subsequent
exposure of curcumin to general acids and bases in air then promotes fragmentation
and oxidation.16,17

The synthesis, cytotoxicity, and SAR of �, �-unsaturated monoketone systems
have been examined. For example, a variety of 2,6-bis(arylidene)cyclohexanones
(37, Scheme 1) are three to five times more potent than 5-fluorouracil (5-FU) as
cytotoxins against L1210, Molt 4/C8, and CEM cell-based screens.18,19 However,
compounds with more than one conjugated carbonyl (e.g., 9) are generally more ac-
tive than those incorporating only a single conjugated C=O (e.g., 8). This observa-
tion supports the “sequential cytotoxicity” hypothesis, which suggests that cancer
cells are more susceptible to multiple chemical insults (in this case, two enones as
opposed to one) by comparison with normal cells. For example, the N -acryloyl se-
ries 9 is reported to exhibit20 remarkable cytotoxicity against murine P388, L1210,
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Figure 4. Unsaturated mono-ketone (8) and diketone (9) bis(arylidene) systems.
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Figure 5. Classes of cytotoxic compounds derived from piperidone (10); R, aromatic
moiety.

Molt 4/C8, and CEM T-lymphocytes with increases in potency of up to twofold.
Although the specific protein targets of the compounds have not been identified,
an alternative interpretation of the source of increased potency involves considera-
tion of ligand binding. Series 9 incorporates both additional polar and hydrophobic
functionality relative to 8. This structural elaboration might contribute to the bind-
ing to protein targets both by enthalpic and entropic effects, thereby enhancing
the overall binding free energy and associated Ka of the larger molecule.

Another class of conjugated �, �-unsaturated monoketone curcumin analogues
based on piperidone (10, Figure 5) has been found21 to be antineoplastic. These
analogues show significant levels of cytotoxicity. For example, El-Suggabh
and co-workers discovered that the �, �-unsaturated ketone moiety of the 3,5-
(bisarylidine)-4-piperidones is vital to the series’ antitumorigenic effects.22 In an
effort to determine the active pharmacophore of the molecular class in cancer ef-
ficacy assays, a series of chemical modifications on the unsaturated piperidone 10
were carried out (Figure 5). The ketone (10) was reduced to the racemic alcohol
analogue (12), and the olefins were separately reduced to give the corresponding
saturated derivatives (13). In addition, derivatives of 10 were subjected to cycload-
dition reactions to yield various cycloadducts, including pyrido[4,3-d]pyrimidine
derivatives (14) and pyrazolo[4,3-c] pyridine analogues (15). The racemic alco-
hol and the saturated series prove to be at least three times less potent against
all National Cancer Institute (NCI)-tested cancer cell lines than the parent ketone
structure, whereas the cycloaddition adducts gives both increased and decreased
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O
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(16)

Figure 6. General structure of 3-arylidene-1-(4-nitrophenylmethylene)-3,4-dihydro-1H
naphthalene-2-ones (16) capable of reversing MDR resistance.

potencies relative to the parent compound. Although no clear SAR was derived
from the set of cycloadducts, those that showed potency are likewise selective for
leukemia cell lines. This finding parallels Dimmock’s earlier work, which demon-
strated that N -acyl analogues of 3,5-(bisarylidine)-4-piperidones are specific for
leukemia cell lines with IC50 values less than 10 �M.21

Most recently, a series of 3-arylidene-1-(4-nitrophenylmethylene)-3,4-dihydro-
1H naphthalene-2-ones (16, Figure 6) and related structures were found to be
selective against malignant cancer cells over normal cells.23 Moreover, comple-
mentary data suggest these compounds reverse multidrug resistance (MDR), a
defensive process that expels small molecules from the cell. Within this series, it
was found that functionalized cyclohexanone ring-containing core structures are
able to reverse MDR more than their cyclopentanone-containing counterparts. In
addition, the presence of a third aromatic ring also proved to be beneficial for the
reversal of MDR.

In contrast to their �,�-unsaturated counterparts, structures that lack conjuga-
tion between the carbonyl group and the terminal aromatic rings are inactive as
cytotoxic agents. For example, in the case presented above, the racemic alcohol
12 and saturated ketone 13 are devoid of cytotoxic effects, whereas the conjugated
dienone 10 is very potent in immortal cell line screening. If the dominant mecha-
nism of action of such molecules is service as a Michael acceptor, then the absence
of an electrophilic carbon in the �-position eliminates the active functional group,
rendering the molecule impotent against cancer. This interpretation supports the
notion that enones and dienones are alkylators capable of binding to intracellu-
lar components bearing sulfhydryl groups such as GSH and thioredoxin-1 (see
discussion below).

2.2. Curcumin Analogues Target Angiogenesis

Recently, curcumin analogues have been found to be potent inhibitors of angio-
genesis, the process by which cells acquire new or extended vascular networks.24

Angiogenesis is required for most tumors to sustain growth via nourishment, waste
disposal, and in many cases, metastasis. Curcumin and its naturally occurring ana-
logues demethoxycurcumin (17) and bisdemethoxycurcumin (18) (Figure 7) have
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Figure 7. Naurally occurring curcumin analogues demethoxycurcumin (17) and bis-
demethoxycurcumin (18); hydrazinocurcumin (19).

been shown to inhibit basic fibroblast growth factor (bFGF) and induce prolif-
eration of human umbilical vein endothelial cells (HUVECs) in vitro as well as
angiogenesis in animal models.25 Hydrazinocurcumin (19), a synthetic curcumin
analogue, has also been used to study inhibition of angiogenesis.26 The compound
is 30-fold more potent than curcumin at preventing invasion of bovine aortic en-
dothelial cells (bAECs; 0.52 �M) and the formation of capillary tubes in vivo,
presumably because of the heteroaromatic pyrazole ring. Without knowing the
specific targets of 19, we presume that part of the increased activity for the com-
pound might be due to improved solubility and biodistribution in comparison to 1.

Diverse libraries of curcumin analogues have been used to study SARs and
angiogenesis inhibition. Although chalcones are known to have anticancer activ-
ity, their effect on angiogenesis had not been fully probed.11,27–31 Bowen and
co-workers found that chalcones with 2,6-substitution in the terminal aromatic
rings (20, Figure 8) are most efficacious. Further studies demonstrated that chal-
cones with electron-withdrawing groups in the 2-position and 6-position of the
aromatic rings or an extra cyclohexane ring (tetralone, 21) are the most potent
inhibitors of endothelial cell proliferation.32 The authors have suggested that the
2,6-substituents force the molecule out of a planar conformation and reduce or
eliminate enone conjugation with the aromatic ring. Such a disconnection between
enone and the terminal ring might be expected to cause increased susceptibility

Cl

Cl

O O

(20) (21)

Figure 8. Chalcone analogues possessing 2,6-substitutution (20) or a tetralone (21).



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal February 23, 2007 11:39

84 MOSLEY, LIOTTA, AND SNYDER

O O

NO2

OH

OCH3

O2N

HO

OCH3

H3CO

HO

N

OCH3

OH

(23)(22)

Figure 9. Antiangiogenic curcumin analogues. A variety of functional groups based on an
enone structure lead to antiangiogenic compounds, including bis-alkynyl heteroaromatics
(22) and BJC005 (23).

to nucleophilic attack at the enone fragment (i.e., Michael addition). This specu-
lation assumes, of course, that the latter chemistry is intimately associated with
the antiangiogenic effect. In the dienone series, both acetone and cyclohexanone
linker regions (28 and 29, respectively Figure 12) are structural variations that are
also reported to promote angiogenesis inhibition. Interestingly, 2,6-substitution
does not increase potency in this series as it does for the chalcones.

Rigidity of the aromatic moieties of curcumin analogues has also been proposed
to be important in enhancing antiangiogenic activity. Thus, instead of the tradi-
tional C=C double bonds serving as conjugating centers between the aromatic
moieties and the central ketone, the terminal rings and a central heteroaromatic
ring were linked by an alkyne spacer (Figure 9).33 These interesting symmetrical
bis-aromatic alkynyl pyridine (22) and thiophene derivatives exhibit potent inhi-
bition of HUVECs, whereas the corresponding analogues with a flexible alkyl
chain do not. This suggests that although rigidity of the central portion of the
molecule might be important, active compounds do not require a semiflexible
�,�-unsaturated �-diketone for antiantiogenic activity.

Another approach to inhibiting angiogenesis is to block matrix metallopro-
teinases (MMPs). In the presence of various angiogenic factors, endothelial cells
are activated for transformation to malignant and metastatic tumor tissue by the
disassociation of the cell from the basement membrane. This process is aided by
the action of MMPs. Once a tumor cell detaches from the basement membrane, it
will migrate into the blood or the lymph system and metastasize to another location.
Shim and co-workers discovered34 that curcumin is a potent inhibitor of the metal-
loproteinase CD13/Aminopeptidase N, whereas hydrazinocurcumin is not. Hahm
and co-workers synthesized curcumin analogues (23, Figure 9) that inhibit the
dimerization of the Fos-Jun heterodimer complex, which stimulates transcription
of late-stage angiogenic genes.35 Interestingly, the same nitro-containing analogue
was found to inhibit the transcription of MMP-9 mRNA.

2.3. Curcumin Analogues for Traditional Hormone-Treated Cancers

Singletary and MacDonald tested a variety of curcumin analogues against mam-
mary tumors induced by 7,12-dimethylbenz[a]anthracene (DMBA), an agent
known to form an adduct with DNA. Dibenzoylmethane (24, Figure 10), a simple
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Figure 10. Dibenzoylmethane (24) is a curcumin-inspired analogue that inhibits breast
cancer. Compound 25 is comparable in biological activity to hydroxyflutamide (26) in
prostate cancer cell line inhibition studies.

�-diketone that lacks the allylic ketone moiety found in curcumin, proved to be
effective as an antitumor drug. In addition, when included as 1.0% of a diet fed
to female rats, the compound inhibited 82% of rat mammary tumorigenesis . By
contrast, curcumin has no such effect. Furthermore, dibenzoylmethane inhibits
the formation of DNA adducts in a non-neoplastic mammary cell line (MCF-10F)
treated with the common chemical carcinogens benzo[a]pyrene (BP) and 1,6-
dinitropyrene (1,6-DNP).36 This suggests that �-diketone analogues of curcumin
might serve as possible breast cancer chemopreventatives.

Recently, curcumin and a variety of closely related analogues (25, Figure 10)
were discovered to be androgen receptor antagonists against PC-3 and DU-145
human prostate cancer cell lines in the presence of androgen receptor activator
ARA70.37,38 Antiandrogenic activity appears to be related to the presence of bis-
(3,4-dimethoxyphenyl) groups and the �,�-unsaturated ketone(s). Extensive SAR
studies suggest that the �-diketone and a hydrogen-bond donor on the aromatic
ring must be coplanar. Surprisingly, five synthetic compounds similar to 25 ex-
hibited comparable or increased antiandrogenic activity over the nonsteroidal an-
tiandrogen hydroxyflutamide (26), which lacks structural similarity to curcumin.
Further elucidation of the mechanisms responsible for this effect coupled to a more
extensive exploration of the compound class could furnish a patient-friendly treat-
ment alternative to the most common form of male cancer in the United States.
The current regimen includes hydroxyflutamide combination therapy and possible
castration.

2.4. Curcumin Analogues in Chemoprevention

Curcumin’s action against cancer cells8 has anticipated its introduction into the
clinic. Presently, the compound is being evaluated against pancreatic cancer and
multiple myeloma at M.D. Anderson.39 If successful, certain analogues are sure
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to follow. Apart from directed therapy, however, the compounds can also be em-
ployed as chemopreventatives because they act as anti-inflammatory agents by
inhibiting cyclooxygenase (COX) activity. COX enzymes are responsible for the
conversion of arachadonic acid to prostaglandins and thromboxanes. Curcumin
inhibits the COX-2 pathway, which is generally overexpressed in many malignant
tissues.40 The compound also suppresses two important enzymes, NF-�B-inducing
kinase (NIK) and I�Ba (IKK), in addition to downregulation of NF-�B.41,42 Thus,
curcumin analogues represent a possible alternative to side-effect-prone nons-
teroidal anti-inflammatory agents (NSAIDS), which target COX-2 in addition to
COX-1.43 Related to the failure of the normal inflammatory response is the con-
dition of sepsis, a bacterial infection that generates toxins causing the immune
system to attack the body’s own organs. In severe cases, this leads to organ failure
and death. Recent studies show that curcumin offers protection against the endo-
toxins and predict the compound to offer a novel therapy against the effects of
infection.44,45

In addition, it is well known that phenolic compounds and �,�-unsaturated
ketones are highly effective antioxidants. Thus, it is not surprising that curcumin,
a substituted bis-phenol derivative, is an excellent antioxidant.46 Dinkova-Kostova
et al. tested a multitude of conjugated monoketone curcumin analogues and found
that bis-(benzylidene)cycloalkanones (29, Figure 12) are excellent inducers of
phase 2 detoxification enzymes (e.g., glutathione-S-transferases). The latter are
responsible for abating electrophilic toxicity and neoplasia, as well as being potent
free-radical scavengers.11,47,48 Interestingly, in the chalcone, phenylpropenoid,
and bis-(benzylidene)cycloalkanone compound classes, introduction of an ortho-
hydroxyl group significantly increases potency. The most pronounced example
of this trend is exhibited by the bis-(benzylidene)cycloalkanone series in which
monohydroxylation produces a 200-fold increase in antioxidant activity.

Curcumin analogues that lack phenolic groups but retain the �-diketone moiety
still maintain49 an antioxidant profile, presumably as a result of the ability to form
a stable carbon radical on the central methylene carbon. Youssef and El-Sherbeny
recently showed that locking the ketone into a rigid conformation to increase the
degree of conjugation, namely in a piperidone ring, led to a very potent free-
radical scavenger that displays broad-spectrum cytotoxicity (i.e., 27, Figure 11).50
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(27)

Figure 11. Youssef and El-Sherbeny’s piperidone-curcumin analogue (27) with enforced
enone conjugation.
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A related piperidone shows minimal toxicity in a chemopreventive colon cancer
model in mice and rats.51 Because the latter, unlike curcumin, does not possess a
methylene carbon sandwiched between carbonyl groups, radical-scavenging must
operate by another mechanism. Most certainly, the terminal phenol groups leading
to phenoxy radicals play this role.

3. EF-24 AND ANALOGUES: SYNTHESIS AND CYTOTOXICITY
STUDIES

To identify a viable clinical candidate, it is generally necessary to synthesize large
numbers of analogues. Our interest, similar to that of Dimmock, De Clerq, and
El-Subbagh and coworkers,19–23,27 was centered on the monoketo diarylpentanoid
class of molecules. These compounds are more compact than curcumin and are
readily synthesized.

At Emory, prior to initiating compound synthesis, a topological similar-
ity search of the available chemical database (ACD) was conducted with
curcumin as the structural template. Two compounds were identified: 1,5-
bis(3,4-dimethoxyphenyl)-1,4-pentadiene-3-one (BDMPP; 28, Figure 12) and
2,6-bis((3-methoxy-4-hydroxyphenyl)-methylene)-cyclohexanone (BMHPC; 29,
Figure 12). Both compounds were known52 to inhibit cell proliferation in vitro and
in vivo, and in our hands, they proved to be twofold to threefold more potent than
curcumin in melanoma and breast cancer cell lines (RPMI 7951 and MDA-MB-
231, respectively).53 The structural class was subsequently elaborated by synthesis
of two related series: one involving the open �,�-unsaturated acetone linker
between the two aryl groups (bis-benzylidene acetone analogues) and the other
focusing on cyclic cyclohexanone, piperidone, or tetrahydropyranone linkers.

3.1. Chemistry

Chemical syntheses represented by Scheme 1 were typically carried out by combin-
ing a ketone with an aromatic aldehyde under basic aldol condensation conditions.
The o-hydroxy (30) analogue, as well as the m-counterpart (31) and p-counterpart
(32) were prepared to affirm the increased anticarcinogenic effect reported in the
literature.54 A variety of analogues were made, including the o-fluorine (33), o-
methoxy (34), and o-acetoxy (35) variations. The racemic saturated alcohol 36
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HO

(28), BDMPP (29), BMHPC

Figure 12. Results of a Unity/Tripos 2D silimarity search. Two compounds, 28 and 29,
were identified that are similar to curcumin.
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Scheme 1. Synthesis of monoketone �,�-unsaturated curcumin analogues. EF-24 is
analogue 41.

was also examined to confirm that conjugation across the linker region is essential
for cytotoxicity. The expectation of lack of activity was fulfilled, although we note
that both curcumin and tetrahydrocurcumin have been reported to exhibit cyto-
toxic and anti-angiogenic properties.25 As pointed out earlier, curcumin operates
as an antioxidant through both its central CH2 group and its terminal phenolic
moieties. The failure of the saturated dienones to exhibit cytotoxicity suggests that
conjugation in the monoketones is the primary source of the observed bioactivity.

Annulation of the linker region to provide a cyclic dienone allowed us to probe
the effect of a more rigidified structure on anticancer activity. The majority of
these analogues (37–41) were also synthesized under basic aldol condensation
conditions. However, analogue EF-24 (41)was obtained by means of glacial acetic
acid-promoted aldol condensation.55

3.2. Curcumin Analogues Exhibit Anticancer and Antiangiogenic
Properties In Vitro and Develop SAR

Among others, the unsaturated analogues derived from cyclic ketones, 37, 38,
and EF-24 were screened in vitro against the NCI’s 60 human tumor cell lines.
This assay is designed to differentiate tumor- and subpanel-selective drugs from
those exhibiting broad-spectrum activities. Each cell line was treated with 10-fold
dilutions of drug at a minimum of five concentrations (0.01–100 μM) for 48 h. The
compounds showed activity against all tested cell lines. However, EF-24, with an
LC50 of 16.0 μM, responded with 4.2- and 5.7-fold improvement over curcumin
and the common DNA-alkylating agent cisplatin, respectively. The substance ex-
hibits high efficacy toward leukemia, colon, central nervous system, prostrate, and
breast cancer cell lines with average 50% growth inhibition (−GI50) values all less
than 1.0 μM. In addition, EF-24 is at least 10-fold more potent against the latter
cell types than both curcumin and cisplatin.
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All synthetic analogues in Scheme 1 were tested at Emory against highly malig-
nant melanoma (RPMI 7951) and breast (MDA-MB-321) cancer cell lines. These
tests proved useful for development of an emerging SAR. As previously shown,54

the ortho-hydroxy derivative 30 is more active (GI50 = 1.0 ± 0.5 μM in melanoma
and 2.3 ± 0.5 μM in breast) than the corresponding meta (31) and para-compounds
(32) in the bis-benzylidene acetone analogue series. The specific moiety in the 2-
position of the aromatic ring is crucial for cytotoxic activity, as the replacement
of the 2-OH with fluorine (33) or methoxy (34) leads to decreased potency. As
expected, the acetoxy (35) derivative shows only slightly decreased activity com-
pared with 30, undoubtedly due to the activity of esterases, which hydrolyze the
compound to unmask the 2-OH functional group. In the unsaturated cyclic ketone
series, all of the ortho-hydroxyl-containing compounds perform well. When Y is a
heteroatom, such as oxygen (tetrahydropyran, 38 and 39) or nitrogen (piperidone,
40 and 41), the activity increases over the bis-benzylidene acetone analogue. EF-
24 proved to be the most active compound in the NCI screen, with GI50 values of
0.7 μM and 0.8 μM in the melanoma and breast cancer cell lines, respectively. The
anticancer potency of compound EF-24 is followed by oxygen analogue 38, with
the N -methyl-piperidone 40 being slightly less active. In contrast, the arylethyl
alcohol analogue 36, which lacks conjugation, shows no cytotoxicity, supporting
the notion mentioned earlier that ketone conjugation is required for cell kill.

Curcumin analogues 37, 38, and EF-24 were also found to be potent antiangio-
genesis agents in the NCI’s in vitro antiangiogenesis screen. The analysis examined
the inhibition of cell migration and cord formation.53 The lead compound, EF-24,
was comparable to the antiangiogenesis drug TNP-470 in the cell migration assay,
with IC50 values of 0.8 μM and 0.6 μM, respectively. In addition, HUVEC cord for-
mation was blocked significantly with an IC50 of 1.5 μM. Most importantly, EF-24
shows much higher activity in both of the assays compared to curcumin (>10 μM
in the cord-formation assay). In terms of SAR, the same patterns of activity were
seen in the antiangiogenesis screen as in the anticancer screens described earlier.

3.3. Curcumin Analogues Inhibit Tumorigeneis In Vivo with Minimal
Toxicity

In addition to outperforming other analogues in the cytotoxicity and antiangiogen-
esis studies in vitro, EF-24 also induces breast tumor regression in athymic nude
mice. Solid tumors derived from human breast cancer xenografts were grown
on the flanks of female mice for 3 weeks, with subsequent subcutaneous drug
administration for 2 weeks. At treatment levels from 2 to 100 mg/kg of EF-24,
tumor weight shows a dose-dependent decrease. The average tumor weight in the
20-mg/kg group decreased by about 70% of the control.53

Most impressively, no toxicity was observed at up to 100 mg/kg of EF-24,
which is well below the maximum tolerated dose (MTD) of 400 mg/kg. This
illustrates that this curcuminoid derivative is much safer than cisplatin, which has
an MTD of 10 mg/kg. The animals likewise gained weight during the experiment.
In addition, sacrificed animals were examined to show no damage to the liver,
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kidney and spleen. As a result, EF-24 surfaced as an important lead compound,
one that displays increased antitumor action in vitro and in vivo by comparison with
curcumin, while evidencing little or no low toxicity in the preliminary evaluations.

3.4. Mechanism of Action: Redox-Dependent Induction of Apoptosis

The biological action of curcumin and its monoketone analogues is certainly
pleiotropic.4,8,9,10 Although the studies are in their early stages, we have examined
aspects of the mechanism(s) of cell kill for EF-24.56 In the context of apoptosis, the
benchmark events in their sequence of occurrence are the following: depolariza-
tion of the mitochondrial membrane, caspase-3 activation, externalization of phos-
phatidylserine (PS), and DNA fragmentation (sub-G1/G0 accumulation of DNA).
EF-24 perturbs all of the above processes. In addition, the compound reduces intra-
cellular GSH and thioredoxin-1 (Trx-1) while increasing reactive oxygen species
(ROS). Other studies with curcumin as the drug confirm the inverse concentration
relationship between depletion of endogenous GSH and ROS, highlight the role of
the antiapoptotic protein bcl-2, and review various indirect interactions between
curcumin and bcl-2.57 The complexity of the relationship among curcumin and
analogues, GSH depletion, and levels of ROS should not be underestimated. Para-
doxically, ROS can not only promote carcinogenesis but also induce apoptosis
of tumor cells.58 The precise mechanism of curcumnoids as antioxidants, which
might have opposite effects on tumor growth,58 has yet to be fully elucidated.

As mentioned earlier, EF-24 inhibits cell proliferation in the prostate (DU-145)
and breast cancer (MDA-MB-231) cell lines. At a concentration of 10 μM, cell
proliferation is blocked by 70–80% in the prostate and 100% in the breast cancer
cell lines as monitored by incorporation of 5-bromo-2′deoxyuridine (BrdU) into
actively dividing cells. This causes partial denaturation of double-stranded DNA,
which can be detected immunochemically. When a cell incurs such DNA damage,
the cell cycle is arrested. The cell might recover by means of DNA repair, but if
the damage is not reparable, the apoptotic program is initiated. In the present case,
flow-cytometric analysis was used to determine that EF-24 causes G2/M cell cycle
arrest after 48 h, followed by an increase in sub-G1/G0 cells after an additional 24
h. These biomarkers indicate that the cells are apoptotic.

Apoptotic cells acquire a “leaky” mitochondrial membrane. This causes the
membrane to release cytochrome-c and various cations from the organelle into
the cytosol.59,60 Once discharged, cytochrome-c binds to apoptotic-inducing fac-
tors to form an apoptosome.61 This complex activates cellular caspases, cysteine
proteases, essential for protein degradation, chromatic condensation, and DNA
fragmentation involved in the apoptotic pathway.62 The apoptosome activates
caspase-9, which subsequently activates caspase-3.63 As curcumin is known to
promote this cascade,64–66 it was desirable to test EF-24’s mitochondrial membrane
depolarizing ability as well. By means of green/red fluorescence assays, EF-24 was
indeed determined to depolarize the membrane in 80% of human breast cancer cells
(MDA-MB-231) but only 50% in the human prostate cancer cell line (DU-145)
48 h after 20 μM drug treatment. In combination with the cell proliferation assay
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results, these experiments show that the malignant breast cancer cells are more
susceptible to EF-24 treatment than the prostate cell line. The caspase-3 assay
supported this increased sensitivity as well, with caspase activation being almost
two times higher in MDA-MB-231 cells than DU-145 cells.

Early apoptosis is marked by the translocation of PS from inside the cellu-
lar plasma membrane to the external surface of the cell. This causes the cellular
membrane to eventually become porous and break apart. EF-24 induces PS ex-
ternalization after 72 h of treatment. Caspase activation of PS translocation is
implicated, as a caspase inhibitor blocks PS externalization in both cell lines.

The major apoptotic events associated with EF-24 occur within 48 h after treat-
ment, as indicated by G2/M cell arrest. However, the detailed biochemistry behind
curcumin analogue apoptosis is unknown. The study determined that within 48
h of drug treatment in both MDA-MB-231 and DU-145 cell lines, high levels of
ROS are formed. ROS and thiol buffers GSH and Trx-1 are in exquisite balance
in normal cells. However, cytotoxic events and chemical agents induce increased
levels of ROS while simultaneously decreasing cellular levels of GSH.67 Although
the details are still unclear, it is believed that appropriate increases in ROS pro-
duction leads to mitochondrial depolarization.68 These phenomena are precisely
paralleled in the EF-24 work.

Finally, we examined the mechanism of action for EF-24 that correlates directly
with its �,�-unsaturated ketone structure. Whereas curcumin’s reactions with GSH
are characterized by unstable and incompletely characterized products (cf. Figure
3),13,14 EF-24 clearly acts as a Michael acceptor for both GSH and Trx-1 thiol
functional groups (Scheme 2). Of two additional studies on EF-24 and analogues
underway, one mirrors curcumin41,42 in blocking the action of NF-�B.69 The
second illustrates the pleiotropic nature of the analogues with respect to inhibition
of a panel of Ser/Thr and Tyr kinases.70

3.5. Water-Soluble EF-24 Analogues: Glutathione Conjugates

EF-24 (41), like many potential drug candidates, is sparingly water insoluble in
its free-base form. The compound is also light sensitive, leading to slow decom-
position in solution under ambient conditions in room light. One approach to
circumventing these problems takes advantage of EF-24’s ability to serve as a
Michael acceptor.

The synthesis of EF-24-GSH (42) conjugates proceeds as shown in Scheme 2.
Treatment of EF-24 with an excess (at least 3.0 equivalents) of GSH in water
produces the desired doubly-conjugated adduct, 42 which can be isolated as a white
solid following HPLC purification.71 Other similar GSH conjugates have also been
prepared, and, similar to EF-24, all of them are both water soluble and light stable.

In addition to exhibiting improved physical properties, EF-24-GSH mimics EF-
24 in cytotoxicity studies in vitro. When treated with either increasing EF-24 or
EF-24-GSH concentrations, cytotoxicity against human breast cancer cells shows a
near-identical dose-dependent increase (Figure 13). This finding strongly suggests
that EF-24 and EF-24-GSH are in equilibrium (Figure 14) and that the conjugate
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can undergo a facile retro-Michael process to free the active EF-24 drug. Thus,
GSH conjugates of curcumin analogues represent a means of addressing problems
associated with poor water solubility and light stability while still retaining the
parent drug’s cytotoxic and anticarcinogenic effects.

Glutathione is not the only thiol capable of conjugation in the Michael sense
with EF-24. Cysteine and a series of peptides containing cysteine have likewise
been coupled to the latter. These compounds are also light-stable white crystalline
solids that show cytotoxic behavior similar to the GSH adduct.71
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Figure 13. Cytotoxicity of EF-24 (41) and EF-24-GSH conjugate (42) against human breast
cancer cells.
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4. TARGETING CANCER WITH A NOVEL DRUG DELIVERY
SYSTEM: A PROTEIN CONJUGATE

Whereas many promising small-molecule chemotherapeutics have been developed
in the fight against cancer, most possess debilitating side effects. The latter include
nausea, chronic fatigue, depression, and hair and weight loss, a result of the non-
specific nature of the drugs. Most cancer drugs operate on rapidly dividing cells.
Their safety depends on differential rates of cell division for cancer cells relative
to normal cells. Unfortunately, this implies that normal cells with higher rates of
division or high concentrations of the drug target (e.g., tubulin) are also subject to
chemotherapeutic cytotoxicity.

Various drug delivery systems have been developed in the attempt to counteract
adverse side effects and increase patient compliance. For instance, doxorubicin is
known to have cardiomyopathic side effects.5 A synthetic cyclotriphosphazene-
Gly-Phe-Leu-Gly-doxirubicin conjugate (43, Figure 15) is active against the
leukemia L1210 cell line (IC50 = 1.1 μM versus doxorubicin IC50 = 0.10 μM)
with the possibility of being tumor selective.5 The conjugate shows good water
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Figure 15. Cyclotriphosphazene-Gly-Phe-Leu-Gly-doxirubicin conjugate (43).
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solubility, the drug has a high loading capacity (40%), and the peptide linker and
phosphazene moieties are most likely biodegradable.

Ouchi and co-workers have recently developed a drug delivery system based
on the high association constant for avidin–biotin binding, an interaction that
involves four binding sites for the biotin ligand.72 Synthetic biotin–drug and biotin–
fluorescent dye complexes are bound to avidin such that one complex consists
of one avidin, two biotin-linked drug molecules, and two biotin-linked dyes. The
drug chosen was galactose, which is recognized by the asialoglycoprotein receptor.
These hepatic receptors are specific for glycoproteins whose terminal sialic acid
moiety has been removed. By means of confocal laser microscopy, the complex
was observed to be internalized into HepG2 human hepatoma cells via receptor-
mediated endocytosis.

Emory’s approach, in spirit similar to that devised by Ouchi and Ohya, relies
on the binding of the membrane-bound receptor tissue factor (TF) to the solu-
ble protein factor VIIa (fVIIa), a process that takes place normally as part of the
blood coagulation cascade. The fVIIa is an enzymatic serine protease. Shaw and
co-workers showed that tripeptide chloromethyl ketones, such as phenylalanine–
phenylalanine–arginine–chloromethyl ketone (FFRck), are irreversible inhibitors
of fVIIa via covalent modification of a histidine residue in the catalytic triad that
promotes endocytosis.73 In addition, the FFRck-fVIIa conjugate has up to five
times the affinity for TF than fVIIa alone. The basis for exploiting this targeting
mechanism is that not only is TF overexpressed on the surface of tumor cells,
but it is also present on vascular endothelial cells (VECs) of tumor vasculature
due to overactive NF-�B.74,75 Thus, covalently attaching antitumor and antiangio-
genic agents to fVIIa represents a new drug delivery system with the capability
of delivering a drug to the surface of TF-expressing cancer cells and to the an-
giogenic cells that carry nutrients to the growing solid tumor. Once in complex
with TF, the protein–protein drug complex enters the target cells by endocytosis.76

Inside the cell, the drug can be cleaved from its homing molecule by cellular
esterases and subsequently perform its antitumor and antiangiogenic functions.
We have illustrated the feasibility of this drug delivery mechanism with an EF24-
FFRck-fVIIa conjugate, which is selectively cytotoxic to cancer cells in vitro77 and
in vivo.78

4.1. Chemistry

Prior to conjugation of drug to fVIIa, the synthesis of EF24-FFRck was under-
taken. The optimum covalent linker between drug and tripeptide is succinate.
Intermediate 44 (Scheme 3), a compound that shows two-thirds the activity of EF-
24 in cytotoxicity studies, arises from treatment of EF-24 and succinic anhydride
under basic conditions.

As a first step, the chloromethyl ketone tripeptide was prepared (Scheme 4).
Boc-d-Arg(Mtr)-OH (45) was converted to the �-diazo ketone 46 via a modified
Kettner method79 which generates a mixed anhydride, and subsequent exposure
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to diazomethane. Treatment of the diazo compound 46 with ethanolic HCl gives
the corresponding deprotected chloromethyl ketone 47, which was subjected to
Kettner peptide-coupling conditions with N -Boc-Phe-Phe-OH to yield the de-
sired tripeptide N -Boc-d-Arg(Mtr)-Phe-Phe chloromethyl ketone 48. Deprotec-
tion of the Boc group was accomplished by treatment with ethanolic HCl to
give 49. The latter Mtr-protected FFRck was combined with an EF-24-succinate
linker under dicyclohexylcarbodiimide (DCC)-coupling conditions to give EF-
24-FFR(Mtr)ck. Deprotection of the arginine-protecting group was carried out
with aqueous trifluoroacetic acid (TFA) in anisole to afford the final compound
EF-24-FFRck (50). EF-24-FFRck was then conjugated to fVIIa through the cata-
lytic histidine residue in a 1:1 ratio.

4.2. EF24-FFRck-fVIIa Inhibits Cell Growth In Vitro and In Vivo

The cytotoxicity of the EF24-FFRck-fVIIa conjugate (51) in TF-expressing cell
lines was tested both in vitro and in vivo. For the former setting, the conjugate
has a minimal effect on non-TF-expressing normal breast and melanocyte cells. In
contrast, EF24-FFRck-fVIIa significantly inhibits cell viability in TF-expressing
breast (MDA-MB-231) and melanocyte (RPM-7951) cells in a dose-dependent
manner (Figure 16). In addition, EF24-FFRck lacking the fVIIa homing device
shows no cytotoxic activity. This implies that the truncated conjugate does not
interact with TF on the cell surface and, thus, does not gain cell entry.77

EF24-FFRck-fVIIa also shows inhibition of primary tumor xenograft growth as
well as a reduction of tumor size in vivo.78

In addition to inhibiting tumor growth and size, the EF-24 conjugate inhibits
angiogenesis in a rabbit corneal model (Figure 18). Treatment of a corneal pocket
with vascular endothelial growth factor (VEGF) induces the formation of new
blood vessels. The corneas were then exposed to the vehicle, EF-24 (5.0 μM), or
EF24-FFRck-fVIIa (5.0 μM). Whereas treatment with either the vehicle or EF-24
had no effect on corneal angiogenesis, the EF-24 conjugate shows clear destruction
of blood vessels. The results imply that VEGF induces VECs to express TF. The
TF of the newly formed vessels is then targeted by fVIIa of the EF-24 conjugate.
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Figure 16. Synthesis of EF24-FFRck (50).
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Once endocytosed by the TF-expressing VEC cells, EF-24 is freed from the carrier
and subsequently blocks further angiogenesis by way of its cell-killing capacity.

5. CONCLUSIONS AND PROSPECTS

Curcumin represents a near-perfect starting point from a drug discovery and devel-
opment perspective. Its mechanism of action involves multiple, synergistic path-
ways that have yet to exhibit any serious negative side effects in man or animals.
Consequently, a number of research groups have taken the natural product as a
starting point to develop a wide variety of curcumin analogues. Whereas some of
the studies retained the three structural sectors indicated by the colors in struc-
ture (1), the majority of investigations truncated the central conjugated �-diketone
to the monocarbonyl dienone represented by (2). The resulting diversity of com-
pounds exhibit cytotoxicities against an equally diverse set of cancer-related cell
lines. SARs have been developed and the interesting “sequential cytotoxicity” hy-
pothesis exploited. Antiangiogenesis is among the properties of the analogues and
promises to permit a double-pronged attack on target cells; namely, the compounds
are not only cytotoxic to tumor cells but also carry the promise of being able to
starve the tumors of nutrients.

Mechanisms of action of curcumin have been sufficiently well studied to suggest
that the natural product is pleiotropic, namely acting by a series of mechanisms.
Although the published investigations do not yet provide an integrated map of
curcumin’s actions in the cell or in tumors, it is clear that early studies focusing on
analogues closely parallel those conducted for the parent molecule. An important
pathway regulator that will most certainly surface as critical to the actions of cur-
cumin and simpler analogues is the NF-�B complex. It is central to many integrated
signaling pathways controlling cancer development, including antiapoptosis (e.g.,
bcl-xl, survivin, sodium dodecyl sulfate), proliferation (e.g., tumor necrosis factor
(TNF), interleukins, cyclinD1) tumor promotion (e.g., COX2, INOS, MMP-9),
metastasis (e.g., ICAM-1, VCAM-1), angiogenesis (e.g., VEGF, TNF), inflamma-
tion (e.g., TNF, chemokines), and immortality (e.g., telomerase). Not surprisingly,
both curcumin and its ketone analogues operate directly on the proteins associated
with NF-�B.

In our own laboratories, we have attempted to contribute to and take advantage of
the still limited knowledge surrounding the molecular basis for curcumin-analogue
modulation of cellular pathways. It has been possible to develop easily synthesized
curcumin congeners that exhibit significantly improved cytotoxicity against a wide
range of cell lines by comparison with curcumin, but still retain toxicity profiles in
rodents comparable to the parent natural product. EF-24 (41) provides the added
advantage of exhibiting good oral bioavailability and good pharmacokinetics in
the same animals.80 Thiol conjugates of EF-24 analogues have been prepared
that address stability and solubility issues while demonstrating cellular activities
similar to the unmodified dienones. In parallel experiments, the fVIIa-TF complex
has been exploited to develop a targeting strategy for the analogues. In particular,
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the EF24-FFRck-fVIIa protein conjugate (51) is somewhat more effective relative
to the drug alone against breast cancer and melanocyte cells (Figure 16).

In the face of these advances and those described elsewhere in this volume, we
project that curcumin itself will become an important anticancer agent deployed
clinically against a variety of cancers in the near future. Simultaneously, we ex-
pect that new analogues with improved antitumor properties will be developed in
the near term and suggest themselves as second-generation curcuminoid clinical
agents. This coincides with our goals, which is to identify analogues with the best
overall pharmacologic profile, complete their preclinical assessment, and move
the lead and a backup into clinical trials.

REFERENCES

1. B. J. Druker, C. L. Sawyers, H. Kantarjian, D. J. Resta, S. F. Reese, J. M. Ford, R.
Capdeville, and M. Talpaz, Activity of a specific inhibitor of the BCR-ABL tyrosine
kinase in the blast crisis of chronic myeloid leukemia and acute lymphoblastic leukemia
with the Philadelphia chromosome. N Engl J Med 344(14), 1038–1042 (2001).

2. M. A. Cobleigh, C. L. Vogel, D. Tripathy, N. J. Robert, S. Scholl, L. Fehrenbacher, J. M.
Wolter, V. Paton, S. Shark, G. Lieberman, and D. J. Slamon, Multinational study of the
efficacy and safety of humanized anti-HER2 monoclonal antibody in women who have
HER2-overexpressing metastatic breast cancer that has progressed after chemotherapy
for metastatic disease. J Clin Oncol 17(9), 2639–2648 (1999).

3. R. B. Weiss, R. C. Donehower, P. H. Wiernik, T. Ohnuma, R. J. Gralla, D. L. Trump,
J. R. Baker, Jr., D. A. Van Echo, D. D. Van Hoff, and B. Leyland-Jones, Hypersensitivity
reactions from taxol. J Clin Oncol 8(7), 1263–1268 (1990).

4. E. A. Eisenhauer, W. W. ten Bokkel Huinink, K. D. Swenerton, L. Gianni, J. Myles,
M. E. van der Burg, I. Kerr, J. B. Vermorken, K. Buser, and N. Colombo, European–
Canadian randomized trial of paclitaxel in relapsed ovarian cancer: high dose versus
low-dose and long versus short infusion. J Clin Oncol 12(12), 2654–2666 (1994).

5. D. Raghavan, B. Koczwara, and M. Javle, Evolving strategies of cytotoxic chemother-
apy for advanced prostate cancer. Eur J Cancer 33(4), 566–574 (1997).

6. S. Shishodia, G. Sethi, and B. B. Aggarwal, Curcumin: Getting back to the roots. Ann
NY Acad Sci 1056, 206–217 (2005).

7. A. L. Cheng, C. H. Hsu, J. K. Lin, M. M. Hsu, Y. F. Ho, T. S. Shen, J. Y. Ko, J. T. Lin,
B. R. Lin, W. Ming-Shiang, H. S. Yu, S. H. Jee, G. S. Chen, T. M. Chen, C. A. Chen,
M. K. Lai, Y. S. Pu, M. H. Pan, Y. J. Wang, C. C. Tsai, and C. Y. Hsieh, Phase I clinical
trials of curcumin, a chemopreventive agent, in patients with high-risk or pre-malignant
lesions. Anticancer Res 21(4B), 2895–2900 (2001).

8. B. B. Aggarwal, A. Kumar, and A. C. Bharti, Anticancer potential of curcumin: Pre-
clinical and clinical studies. Anticancer Res 23(1A), 363–398 (2003).

9. A. Duviox, R. Blasius, S. Delhalle, M. Schnekenburger, F. Morceau, E. Henry, M. Di-
cato, and M. Diederich, Chemopreventive and therapeutic effects of curcumin, Cancer
Lett 223(2), 181–190 (2005).

10. R. A. Sharma, A. J. Gescher, and W. P. Steward, Curcumin: The story so far. Eur J
Cancer 41(13), 1955–1968 (2005).



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal February 23, 2007 11:39

ANTICANCER CURCUMIN ANALOGUES 99

11. A. T. Dinkova-Kostova, C. Abeygunawardana, and P. Talalay, Chemoprotective prop-
erties of phenylpropenoids, bis(benzylidene)cycloalkanones, and related Michael re-
action acceptors: Correlation of potencies as phase 2 enzyme inducers and radical
scavengers. J Med Chem 41(26), 5287–5296 (1998).

12. B. Mutus, J. D. Wagner, C. J. Talpas, J. R. Dimmock, O. A. Phillips, and R. S. Reid, 1-p-
chlorophenyl-4,4-dimethyl-5-ethylamino-1-penten-3-one hydrobromide, a sulfhydryl-
specific compound which reacts irreversibly with protein thiols but reversibly with
smaller molecular weight thiols. Anal Biochem 177(2), 237–243 (1989).

13. S. Mathews and M. N. A. Rao, Interaction of curcumin with glutathione. Int J Pharm
76(3), 257–259 (1991).

14. S. Awasthi, U. Pandya, S. S. Singhal, J. T. Lin, V. Thiviyanathan, W. E. Seifert, Y. C.
Awasthi, and G. A. S. Ansara, Curcumin-glutathione interactions and the role of human
glutathione S-transferase P1-1. Chemico-Biol Interact 128(1), 19–38 (2000).

15. H. M. Wortelboer, M. Usta, A. E. Van der Velde, M. G. Boersma, B. Spenkelink, J. J.
Van Zanden, J. Jelmer, I. M. C. M. Rietjens, P. J. Van Bladeren, and N. H. Cnubben,
Interplay between MRP inhibition and metabolism of MRP inhibitors: The case of
curcumin. Chem Res Toxicol 16(12), 1642–1651 (2003).

16. Y. J. Wang, M. H. Pan, A. L. Cheng, L. I. Lin, Y. S. Ho, C. Y. Hsieh, and J. K.
Lin, Stability of curcumin in buffer solutions and characterization of its degradation
products. J Pharm Biomed Anal 15(12), 1867–1876 (1997).

17. M. J. Ansari, S. Ahmad, K. Kohli, J. Ali, and R. K. Khar, Stability-indicating HPTLC
determination of curcumin in bulk drug and pharmaceutical formulations. J Pharm
Biomed Anal 9(1–2), 132–138 (2005).

18. J. R. Dimmock, P. Kumar, A. J. Nazarali, N. L. Motaganahalli, T. P. Kowalchuk, M. A.
Beazely, J. W. Quail, E. O. Oloo, T. M. Allen, J. Szydlowski, E. De Clerq, and J.
Balzarini, Cytotoxic 2,6-bis(arylidene)cyclohexanones and related compounds. Eur J
Med Chem 35(11), 967–977 (2000).

19. J. R. Dimmock, M. P. Padmanilayam, G. A. Zello, K. H. Nienaber, T. M. Allen,
C. L. Santos, E. De Clerq, J. Balzarini, E. K. Manavathu, and J. P. Stables, Cyto-
toxic analogues of 2,6-bis(arylidene)cyclohexanones. Eur J Med Chem 38(2), 169–177
(2003).

20. J. R. Dimmock, M. P. Padmanilayam, R. N. Puthucode, A. J. Nazarali, N. L. Motagana-
halli, G. A. Zello, J. W. Quail, E. O. Oloo, H.-B. Kraatz, J. S. Prisciak, T. M. Allen,
C. L. Santos, J. Balzarini, E. De Clerq, and E. K. Manavathu, A conformational and
structure-activity relationship study of cytotoxic 3,5-bis(arylidene)-4-piperidones and
related N-acryloyl analogues. J Med Chem 44(4), 586–593 (2001).

21. J. R. Dimmock, A. Jha, G. A. Zello, J. W. Quail, E. O. Oloo, K. H. Nienaber,
E. S. Kowalczyk, T. M. Allen, C. L. Santos, E. De Clerq, J. Balzerini, E. K. Mana-
vathu, and J. P. Stables, Cytotoxic N-[4-(3-aryl-3-oxo-1-propenyl)phenylcarbonyl]-3,5-
bis(phenylmethylene)-4-piperidones and related compounds. Eur J Med Chem 37(12),
961–972 (2002).

22. H. I. El-Subbagh, S. M. Abu-Zaid, M. A. Mahran, F. A. Badria, and A. M. Al-Obaid,
Synthesis and biological evaluation of certain α,β-unsaturated ketones and their cor-
responding fused pyridines as antiviral and cytotoxic agents. J Med Chem 43(14),
2915–2921 (2000).

23. J. R. Dimmock, U. Das, H. I. Gul, M. Kawase, H. Sakagami, Z. Baráth, I. Ocsovsky,
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ANTIOXIDANT AND ANTI-INFLAMMATORY
PROPERTIES OF CURCUMIN

Venugopal P. Menon and Adluri Ram Sudheer

Abstract: Curcumin, a yellow pigment from Curcuma longa, is a major com-
ponent of turmeric and is commonly used as a spice and food-coloring agent. It
is also used as a cosmetic and in some medical preparations. The desirable pre-
ventive or putative therapeutic properties of curcumin have also been considered
to be associated with its antioxidant and anti-inflammatory properties. Because
free-radical-mediated peroxidation of membrane lipids and oxidative damage of
DNA and proteins are believed to be associated with a variety of chronic pathologi-
cal complications such as cancer, atherosclerosis, and neurodegenerative diseases,
curcumin is thought to play a vital role against these pathological conditions. The
anti-inflammatory effect of curcumin is most likely mediated through its ability to
inhibit cyclooxygenase-2 (COX-2), lipoxygenase (LOX), and inducible nitric ox-
ide synthase (iNOS). COX-2, LOX, and iNOS are important enzymes that mediate
inflammatory processes. Improper upregulation of COX-2 and/or iNOS has been
associated with the pathophysiology of certain types of human cancer as well as
inflammatory disorders. Because inflammation is closely linked to tumor promo-
tion, curcumin with its potent anti-inflammatory property is anticipated to exert
chemopreventive effects on carcinogenesis. Hence, the past few decades have wit-
nessed intense research devoted to the antioxidant and anti-inflammatory properties
of curcumin. In this review, we describe both antioxidant and anti-inflammatory
properties of curcumin, the mode of action of curcumin, and its therapeutic usage
against different pathological conditions.

1. CURCUMIN: THE SPICE OF LIFE–UNLOCKING THE
SECRETS OF CURCUMIN

–“Imagine if the key to disease prevention was as close as your kitchen shelf. It’s not
the product of someone’s imagination, but the product of years of medical research.
Scientists are beginning to take notice of a well-known spice as a potent new pre-
ventive therapy against disease, especially cancer—John C. Martin, LE Magazine,
September 2001”

More than one billion people consume curcumin regularly in their diets. Cur-
cumin has long been used in Eastern medicine and is gaining attention in Western
medicine, not only as a nonsteroidal anti-inflammatory drug (NSAID) but also
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for its chemopreventive properties. Essentially, curcumin is believed to possess
generalized protective properties.

Curcumin, a yellow pigment from Curcuma longa, is a major component of
turmeric and is commonly used as a spice and food-coloring material. It exhibits
anti-inflammatory,1 antitumor, and antioxidant2 properties. Curcumin is a low-
molecular-weight polyphenol, first chemically characterized in 1910, with the
molecular formula of C21H20O6. It is generally regarded as the most active con-
stituent of and comprises 2–8% of most turmeric preparations. It has long been
used as the yellow spice in Indian food and as a naturally occurring medicine for
the treatment of inflammatory diseases.3

The desirable preventive or putative therapeutic properties of curcumin have
also been considered to be associated with its antioxidant property.4 Because free
radical-mediated peroxidation of membrane lipids and oxidative damage of DNA
and proteins are believed to be associated with a variety of chronic pathologi-
cal complications such as cancer, atherosclerosis, neurodegenerative diseases, and
aging,5 curcumin is thought to play a vital role against oxidative-stress-mediated
pathological conditions. Hence, the past few decades have witnessed intense re-
search devoted to the antioxidant activity of curcumin. Before pointing out the
potential antioxidant property of curcumin, it is worthwhile to outline the role of
free radicals and antioxidants in health and disease.

2. ROLE OF FREE RADICALS IN HEALTH AND DISEASE

It has been nearly 50 years since Denham Harman6 suggested that free radicals
produced during aerobic respiration cause cumulative oxygen damage, resulting
in aging and death.

Oxygen is an essential molecule for all aerobic forms; however, oxygen plays
univalent roles. Although oxygen is indispensable for all cells for chemical energy
production (ATP), it is also often transformed into highly reactive forms: reactive
oxygen species (ROS), which are often very toxic to the cells.7,8 Approximately
2% of the oxygen reduced by the mitochondria then forms superoxide (O−.

2 ) or
the dismutation product H2O2. Superoxide and peroxide reacts with metal ions
(Heiber-Weiss and Fenton’s reactions) to promote additional radical generation,
particularly with the generation of hydroxyl radicals. The hydroxyl radical reacts
with all components of the cell, including lipid membrane, DNA and proteins.9

Nitric oxide (NO) has an unpaired electron and is therefore a free-radical species.
It is a short-lived, lipophilic molecule generated from l-arginine by NO synthase
(NOS). NO is involved physiologically in vasorelaxation, neurotransmission, inhi-
bition of platelet aggregation, immune defense, and intracellular signaling. How-
ever, NO reacts with O−.

2 to form peroxynitrite (ONOO−), which is a powerful
oxidant. NO bioactivity is related to the production of many reactive intermedi-
ates, but many of these reactive nitrogen species (RNS) are capable of damaging
DNA or hindering DNA repair.10 It is now beyond doubt that oxidants are generated
in vivo and can cause significant damage to cells.
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When an imbalance occurs between oxidants and defense systems, in favor of
oxidants, oxidative stress occurs. This oxidative stress in cells results in severe
metabolic dysfunctions, including loss of cell integrity, enzyme function, genomic
stability, and so forth, which ultimately lead to pathogenesis of many human dis-
eases (e.g., inflammation, ischemia, atherosclerosis, arthritis, cancer, Parkinson’s
disease, Alzheimer’s disease, and so forth).

3. ANTIOXIDANTS: WHY ARE THEY NEEDED?

To deal with the threat of oxidant-induced damage, biological antioxidants were
evolved. Cells are equipped with an impressive repertoire of antioxidant enzymes,
as well as small antioxidant molecules, the later being mostly ingested from fruits
and vegetables. The antioxidant defenses include the following:

1. Superoxide dismutase (SOD), which hastens the dismutation of O.−
2 to H2O2,

catalase, and glutathione peroxidase (GPx), which converts H2O2 to water
2. Hydrophilic radical scavengers such as ascorbate, urate, and glutathione (GSH)
3. Lipophilic radical scavengers such as tocopherols, flavonoids, carotenoids, and

ubiquinol
4. Enzymes involved in the reduction of oxidized form of small-molecule antiox-

idants (GSH reductase and ascorbate reductase) or responsible for the mainte-
nance of protein thiols (thioredoxin reductase)

Antioxidant systems are complex and act in concert to decrease ROS load. It also
helps to divert ROS to other reaction pathways that form less reactive products, to
selectively inactivate (in redox terms) transition metal ions, and, when all of these
fails, to provide sacrificial molecules that act as a replicable or recyclable “buffer”
to absorb oxidative hits and excess energy.11

Human antioxidant defenses are effective, but they are not infallible and oxida-
tive damage to key biological sites occurs, accumulates with age, and contributes
to senescence and age-related disease. This means that oxidative stress, which is
an oxidant:antioxidant imbalance in favor of oxidation, remains a real and constant
threat.

The evolution of our endogenous antioxidant system has not progressed beyond
the breakeven point of cost-effectiveness. This has led to the attention of dietary
antioxidants. Wood and Brooks12 suggested that “we are what we ate,” and al-
though many geographical and environmental factors undoubtedly determined the
evolutionary development of our species, our future health as individuals might
well depend on what we eat today.

4. CURCUMIN: ANTIOXIDANT MECHANISM

The antioxidant mechanisms of curcumin have recently been the focus of interest
of free-radical chemists and biologists.
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Figure 1. Curcumin.

Curcumin is known to protect biomembranes against peroxidative damage.
Peroxidation of lipids is known to be a free-radical-mediated chain reaction, lead-
ing to the damage of the cell membranes, and the inhibition of peroxidation by cur-
cumin is mainly attributed to the scavenging of the reactive free radicals involved
in the peroxidation. Most of the antioxidants have either a phenolic functional
group or a �-diketone group. Curcumin is an unique antioxidant, which contains a
variety of functional groups, including the B-diketo group, carbon–carbon double
bonds, and phenyl rings containing varying amounts of hydroxyl and methoxy
substituents (Figure 1).13

The central argument is whether the phenolic or the central methylenic hydrogen
in the heptadienone moiety is responsible for its antioxidant activity. Jovanovic and
collaborators14 concluded that curcumin is a superb H-atom donor by donating the
H-atom from the central methylenic group rather than from the phenolic group in
acidic and neutral aqueous and acetonitrile solutions. On the other hand, Barclay
et al.15 proposed that curcumin is a classical phenolic chain-breaking antioxidant,
donating H-atoms from the phenolic group. Priyadarsini et al.16 have also claimed
that the phenolic group is essential for the free-radical-scavenging activity and that
the presence of the methoxy group further increased the activity.

Theoretical calculations by the density functional theory (DFT) demonstrated
that the enol form of curcumin is significantly more stable than the diketo form and
that the bond dissociation enthalpy (BDE) of the phenolic O:H bond is significantly
lower than the BDE of the central O:H bond, suggesting that the hydrogen atom
abstraction takes place in the phenolic group.13,16,17 It was also pointed out that
the relative contribution of the phenolic group and the central methylenic group on
the antioxidant activity depends on the activity of attacking radical and the reac-
tion medium.13,18 Litwinienko and Ingold19 recently compared the rate constants
of the reaction of 1,1-Diphenyl-2-picrylhydrazyl (DPPH) radical with curcumin
in ionizing solvents and nonionizing solvents and resolved the curcumin antiox-
idant controversy by the mechanism of sequential proton loss electron transfer
(SPLET); that is, in solvents that support ionization, curcumin reacts with elec-
trophilic radicals initially at ionized keto-enol moiety and the resulting neutral
radicals lose a phenolic photon, thus yielding the same phenoxyl radical, as would
have been formed by H-atom transfer (HAT) from the phenolic hydroxyl group of
the curcumin anion to the radicals. However, in nonionizing solvent, the SPLET
mechanism cannot occur and the reactions involve only HAT from a phenolic
hydroxyl group of the neutral curcumin to the radical.19



P1: GFZ

SVNY332-Aggarwal March 14, 2007 12:50

ANTIOXIDANT AND ANTI-INFLAMMATORY PROPERTIES 109

Another important mechanism is that curcumin can degrade into trans-6-(4’-
hydroxy-3’-methoxyphenyl)-2,4-dioxo-5-hexanal, ferulic acid, ferruloylmethane,
and vanillin at basic pH within 30 min.3 Among these, ferrulic acid and vannilin
are well-established antioxidants.

5. ANTI-INFLAMMATORY PROPERTY OF CURCUMIN

Curcumin was found to have a miraculous power in anti-inflammatory response.
The natural anti-inflammatory activity of curcumin is on a par with steroidal drugs
and nonsteroidal drugs as indomethacin and phenylbutazone, which have danger-
ous side effects. Its anti-inflammatory property appears to be mediated through the
inhibition of induction of COX-2, LOX, iNOS and production of cytokines such
as interferon-� and tumor necrosis factor, and activation of transcription factors
like NF-κB, and AP-1.

5.1. Effect of Curcumin on Cyclooxygenases and Lipoxygenases

The anti-inflammatory properties of curcumin have been attributed, at least in part,
to suppression of prostaglandins (PGs) synthesis.20 The involvement of PGs and
other eicosanoids in the development of human cancer has been known for over two
decades. Importantly, an increase in PG synthesis might influence tumor growth
in human beings and experimental animals, and numerous studies have illustrated
the effect of PG synthesis on carcinogen metabolism, tumor cell proliferation, and
metastatic potential.21 Cyclooxygenase (COX) is a key enzyme responsible for the
conversion of arachidonic acid to PGs. It consists of two different isoforms, desig-
nated COX-1 and COX-2. COX-1 is a constitutive isoform present in most tissues
and is generally regarded as a “housekeeping” enzyme22 and its inhibition results
in serious effects such as peptic ulceration or impairment of renal blood flow. In
contrast, COX-2 is constitutively expressed only in brain and spinal cord tissue and
it can also be induced in a wide variety of normal tissues by the hormones of ovula-
tion and pregnancy, cytokines, growth factors, oncogenes, and tumor promoters.23

COX-2 overexpression has been implicated in the carcinogenesis of tumors of
the colon, rectum, breast, head and neck, lung, pancreas, stomach, and prostate.24

There is growing evidence that inhibitors of COX-2 activity are useful for treating
inflammation and preventing or treating cancer.25 Therefore, agents that interfere
with the signaling mechanisms governing the transcription of COX-2 should also
inhibit inflammation and tumorigenesis. Further investigations suggest that arachi-
donic acid (AA) metabolites derived from lipoxygenase (LOX) pathways play an
important role in growth-related signal transduction, implying that intervention
through these pathways should be useful for arresting cancer progression.

An expanding body of evidence suggests that curcumin inhibits the expression
of COX-2. Kawamori et al.26 have demonstrated that dietary curcumin significantly
inhibits phospholipase A2 in colonic mucosa and tumors, leading to the release of
arachidonic acid from phospholipids, alters COX and LOX activities, and modifies
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PGE2 levels. Unlike selective COX-2 inhibitors, which inhibit the catalytic activity
of the COX enzyme, curcumin decreases COX-2 expression at the transcriptional
level.27 Several lines of evidence also indicate that the mechanism of action of
curcumin is not limited to PG inhibition. They have also observed that dietary
curcumin inhibits LOX activity and the production of the LOX metabolites in the
colonic mucosa and in tumors. LOX metabolites have also been shown to promote
tumor cell adhesion, stimulate the spreading of tumor cells, and augment metastatic
potential.28

In one study, Zhang and colleagues27 from the Cornell University campus in
New York City, exposed gastrointestinal cells to two known tumor promoters: bile
acids (BA) and phorbol esters (PMA). The team found COX-2 to be induced in
several of the cell lines, accompanied by a 10-fold increase in the synthesis of
inflammatory-causing PGE2. However, dose-dependent treatment of the cells with
curcumin suppressed both BA- and PMA-mediated induction of COX-2 protein,
genetic COX-2 expression (as measured by mRNA), and the synthesis of PGE2.
Most impressive, however, was the discovery that curcumin directly inhibited the
enzymatic activity of COX-2.

An additional study presented at the 1999 American Association for Cancer
Research (AACR) conference also examined the pain-relieving properties of cur-
cumin. Researchers at the University of California, San Diego and the Veterans
Administration Medical Center, San Diego29 investigated whether curcumin could
suppress COX-2 expression in human colon cancer cells. After exposing such cells
to curcumin, the researchers found the compound not only inhibited cell growth
but also reduced the expression of COX-2 mRNA in a time- and dose-dependent
manner.

Therefore, curcumin would appear to be a safe, natural COX-2 inhibitor in
humans, given its safety profiles and demonstrated anti-inflammatory activity.

5.2. Effect of Curcumin on Inducible Nitric Oxide Synthase

Another enzyme that plays a pivotal role in mediating inflammation is inducible ni-
tric oxide synthase (iNOS). iNOS catalyzes the oxidative deamination of l-arginine
to produce NO, a potent pro-inflammatory mediator. NO has multifaceted roles in
mutagenesis and carcinogenesis.30 In addition to acting as an initiator of carcino-
genesis, NO is involved in the promotional stage of tumorigenesis or neoplastic
transformation. NO is also known to affect tumor progression by regulating the an-
giogenesis, possibly by stimulating the production of vascular endothelial growth
factor (VEGF).31 NO reacts rapidly with superoxide anion to produce the extremely
powerful oxidant peroxynitrite (ONOO−).32 Peroxynitrite can cause various DNA
modifications and other types of cellular injury, contributing to genotoxicity or
initiation of multistage carcinogenesis. One of the secondary processes that might
follow DNA damage by NO or peroxynitrite includes activation of the tumor
suppressor gene p53 or the DNA repair enzyme poly(ADP-ribose)polymerase
(PARP).33 It is known that activation of p53 or PARP is often associated with apop-
totic cell death. There are numerous reports on the NO- or peroxynitrite-induced
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apoptosis.34 Increased expression of iNOS and/or its catalytic activity has been
observed in several human tumor tissues and also in chemically induced animal
tumors as well as in inflammatory disorders.35−37 Human breast tumor biopsies in
higher grades exhibited elevated levels of iNOS, compared with those in lower-
grade ones.38 Thus, aberrant or excessive expression of iNOS, as in the case of
COX-2, is considered to be implicated in the pathogenesis of cancer, and com-
pounds that can selectively inhibit abnormal expression of iNOS can act as a po-
tential candidate for chemoprevention. iNOS has been shown to be involved in the
regulation of COX-2 and, hence, the subsequent production of pro-inflammatory
PGs.39

In addition to COX-2, iNOS also appears to be a target for the anti-inflammatory
effect of curcumin. Curcumin is reported to inhibit the NO production and expres-
sion of iNOS protein and mRNA in RAW 264.7 cells stimulated with lipopolysac-
charides (LPSs) or interferon-γ.40 Downregulation of the iNOS gene by curcumin
in RAW 264.7 cells might be attributed to suppression of c-Jun/AP-1 activation,
because it is a known fact that the consensus AP-1-binding sequence is present in
the promoter region of the iNOS gene and it can be attenuated by curcumin.40 Chan
et al.41 have reported that curcumin can inhibit the iNOS gene expression in isolated
BALB/c mouse peritoneal macrophages and in the livers of LPS-injected mice.

5.3. Effect of Curcumin on Nuclear Factor-κB

One of the most ubiquitous eukaryotic transcription factors that regulate expres-
sion of genes involved in controlling cellular proliferation/growth, inflammatory
responses, cell adhesion, and so forth is nuclear factor-κB (NF-κB).42,43 The func-
tionally active NF-κB exists mainly as a heterodimer consisting of subunits of
the Rel family (e.g., Rel A or p65, p50, p52, c-Rel, v-Rel, and Rel B), which
is normally sequestered in an inactive cytoplasmic complex by binding to an
inhibitory protein, IκB. Exposure of cells to such external stimuli as mitogens,
inflammatory cytokines, ultraviolet radiation, ionizing radiation, viral proteins,
bacterial LPSs, and ROS causes rapid phosphorylation of IκB with subsequent
degradation by proteosomes. Dissociation of IκB from NF-κB allows the acti-
vated free dimer to translocate to the nucleus, where it induces, through binding
the cis-acting κB element, the transcription of a large variety of target genes
that normally encode cytokines, cell adhesion molecules, growth factors, and so
forth. The transcriptional activity of NF-κB is regulated via an elaborate series of
intracellular signal transduction events in response to external stimuli.30 In addi-
tion to its central roles in mediating inflammation, NF-κB is important in control
via cell proliferation, oncogenesis, and cell transformation.44 Thus, aberrant con-
stitutive activation of NF-κB/Rel has been observed in an array of human and
experimentally induced tumors and transformed cells in culture. There is increas-
ing evidence that constitutive activation of this transcription factor is associated
with the proliferation and survival of certain tumor cells and causes resistance to
apoptosis.45
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The data from experimental studies have demonstrated that curcumin inhibits the
activation of NF-κB in different cancer cell lines.46 It has been found that oxidative
stress activates NF-κB DNA-binding activity. Because curcumin has been known
as an antioxidant, its inhibitory effects on oxidative stress might be mediated
through the suppression of NF-κB DNA-binding activity. It has been reported that
curcumin inhibited IKB kinase (IKK), suppressed both constitutive and inducible
NF-κB activation and potentiated tumor necrosis factor (TNF)-induced apoptosis.
Curcumin treatment reduced the amount of phosphorylated IKK, which ultimately
prevents the translocation of NF-κB to the nucleus. Curcumin also showed strong
antioxidant and anticancer properties through regulating the expression of genes
that require the activation of activator protein (AP1) and NF-κB.47

5.4. Effect of Curcumin on Tumor Necrosis Factor

Tumor necrosis factor (TNF) has been shown to mediate tumor initiation,
promotion, and metastasis.48 Moore et al.49 have reported that TNF-deficient
mice have been shown to be resistant to skin carcinogenesis. The induction of
pro-inflammatory genes by TNF has been linked to most diseases. The pro-
inflammatory effects of TNF are primarily due to its ability to activate NF-κB.
Almost all cell types, when exposed to TNF, activate NF-κB, leading to the ex-
pression of inflammatory genes. These include COX-2, LOX-2, cell adhesion
molecules, inflammatory cytokines, chemokines, and iNOS. TNF has been found
to be a growth factor for most tumor cells.50

Because of the critical role of TNF in mediating tumorigenesis, agents that
can suppress TNF activity have the potential for therapy of TNF-linked dis-
eases. Curcumin was found to have a spellbound effect in the suppression of
TNF production.51 The constitutive activation of NF-κB in mantle cell lymphoma
(MCL) cells is due to autocrine expression of TNF. TNF mRNA is constitutively
expressed in the MCL cell lines; curcumin inhibits the expression of both TNF
mRNA and TNF protein in MCL cell lines.51 Suppression of TNF by curcumin led
to inhibition of NF-κB and cell proliferation, as was the case when TNF secretion
was neutralized using anti-TNF antibody.51

Thus, curcumin exerts a protective role against inflammatory diseases through
the suppression of COX, LOX, iNOS, NF-κB, TNF and some other inflammatory
mediators.

6. THERAPEUTIC USE OF CURCUMIN

6.1. Cancer

Curcumin has proved its credentials as a wonderful chemopreventive agent against
a variety of cancers. Oxidative stress induced by ROS has been linked to tu-
mor promotion in mouse skin and other tissues.52−54 Hydrogen peroxide pro-
motes the transformation of chemically initiated mouse epidermal cells.52 When
different types of tumor promoter were applied topically to mouse skin, there
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was a distinct increase in the production of hydrogen peroxide in the epidermis,
which correlated with their promoting potential.55 Superoxide anion radicals were
also formed in keratinocytes stimulated with the tumor promoter such as 12-O-
tetradecanoylphorbol-13-acetate (TPA).56 Further support for the association be-
tween pro-oxidant status and tumor promotion derives from the observation that
many structurally unrelated antioxidants and radical scavengers exert antipromo-
tional activity.52,53 Exogenous superoxide dismutase (SOD) inhibited the promo-
tion by TPA of JB6 mouse epidermal cell transformation, providing additional
evidence for a critical role of ROS in tumor promotion.57 Similarly, the lipophilic
biomimetic SOD cupric 3,5-diidopropylsalicylic acid inhibited tumor promotion
in mouse epidermis.58 Ornithine decarboxylase (ODC), a rate-limiting enzyme
in polyamine biosynthesis, has been utilized as a biochemical marker for tumor
promotion. ODC induction was found to be suppressed by SOD and catalase in
murine mammary tumor cells and by butylated hydroxytoluene in mouse epider-
mal cells, suggesting the intermediacy of Reactive oxygen intermediates (ROIs)
in the tumor promotion.52

Persistent, local inflammation has been considered to contribute to multistage
carcinogenesis. ROS produced during the inflammatory tissue damage can trigger
a series of reactions responsible for malignant transformation, particularly in the
stage of promotion.52. There is accumulating evidence that ROS influence the
intracellular signaling cascades mediating cell proliferation. Activity or expression
of several protein kinases have been shown to be regulated by the pro-oxidant state
of cells. ROS are typical by-products of eicosanoid metabolism.59 ROS are released
from the cells of the inflammatory skin infiltrate. A correlation exists between the
ability of a compound to induce PG release in vitro and its ability to promote
papilloma formation in mouse skin in vivo. Verma et al.60 suggests that PGs play a
crucial role in the induction of ODC activity and mouse skin tumor promotion by
TPA. Both ROI generation by inflammatory cells and skin tumor promotion are
efficiently inhibited by protease inhibitors, indicating an interrelationship between
the two processes.54

Chemopreventive properties of curcumin have been extensively investigated
and well documented.61,62 One of the most plausible mechanisms underlying the
chemopreventive effects of curcumin involves suppression of tumor promotion.
Thus, topical application of curcumin strongly inhibited TPA-induced inflam-
mation, hyperplasia, proliferation, ODC activity, ODC mRNA expression, gen-
eration of ROIs, oxidized DNA base modification, and papilloma formation in
mouse skin.62−63 Curcumin inhibited COX-2 and LOX activities in TPA-treated
mouse epidermis.20 Treatment of several human gastrointestinal cell lines with
curcumin suppressed expression of COX-2 protein and mRNA, PGE2 production,
and AP-1 DNA binding induced by TPA or chenodeoxycholate.27 Suppression of
TPA-induced activation of c-Jun/AP-1 in cultured NIH3T3 cells has been proposed
to be responsible for the antitumor-promoting activity that curcumin retains.64

In conclusion, the anticancer potential of curcumin stems from its ability to
suppress proliferation of a wide variety of tumor cells, downregulate transcription
factors NF-κB, AP-1, and Egr-1, downregulate the expression of COX-2, LOX,
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iNOS, MMP-9, uPA, TNF, chemokines, cell surface adhesion molecules, and cy-
clin D1, downregulate growth factor receptors (such as EGFR and HER2), and
inhibit the activity of c-Jun N-terminal kinase, protein tyrosine kinases, and pro-
tein serine/threonine kinases. It also influences the free-radical production during
the activation of carcinogen and helps in detoxification of carcinogens.

6.2. Atherosclerosis

The most common form of heart disease is atherosclerosis. Atherosclerosis in-
volves the deposition of fatty substances, cholesterol, complex carbohydrates and
fibrin (a clotting material in the blood), and so forth in the inner lining of the
major artery. The deposition that results (referred to as plaque) can partially or
totally block the flow of blood through the artery. This can lead to the forma-
tion of a blood clot (thrombus) on the surface of the plaque. If either of these
events occurs and blocks the coronary artery, a heart attack might result. Some
controllable mechanisms that are involved in the development of atherosclerosis
are oxidation of low-density lipoprotein-cholesterol (LDL-C), abnormal platelet
aggregation, and inflammation.65,66 Curcumin has gained importance because of
its antioxidant and antiplatelet aggregating qualities. Curcumin’s ability to control
platelet aggregation appears directly to be related to thromboxane inhibition (a
promoter of aggregation) and an increase in prostacyclin activity, an inhibitor of
aggregation.67,68 Curcumin, being a powerful antioxidant, quenches free radicals,
thereby decreasing the cellular damage. It also helps in reducing blood lipid levels,
particularly cholesterol. Rats fed 0.1% curcumin, along with a cholesterol diet, had
about one-half of the blood cholesterol as rats fed equal amounts of cholesterol
but without curcumin.66

Curcumin, with its potent anti-inflammatory activity, reduces the inflammation,
promotes fibrinolysis, and inhibits the leukotriene formation,69,70 which are im-
portant steps in the prevention of atherosclerosis.

6.3. Aging

A number of theories have been proposed to explain the nature of aging and one
such is the free-radical theory.71 According to the free-radical theory of aging,
these very reactive species, produced continuously during normal metabolism,
eventually accumulates, damaging DNA and other macromolecules. This is due to
progressive defects in the defense systems against reactions that generate free rad-
icals. The result is the appearance of degenerative lesions and cellular death. Then
the organism ages and, finally dies. Different observations support the hypothesis
of the major role of free radicals in aging. The potential life span of a species is
determined genetically. However, it can be altered by environmental conditions
such as diet. Harman72,73 has demonstrated, for example, that life expectation of
many species is increased by 20% by adding antioxidants to the diet. It has also
been shown that animals, which live longer or with longer life spans, present higher
SOD levels.74 Curcumin might have been delaying the aging of human beings with
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its effective antioxidant property, as it is known that billions of people consume
curcumin daily in their diets.

6.4. Neurodegenerative disease

Oxidative stress has been implicated in mechanisms leading to neuronal cell in-
jury in various pathological states of the brain. Alzheimer’s disease (AD) is a
progressive disorder with cognitive and memory decline, speech loss, personality
changes, and synapse loss.75 Many approaches have been undertaken to understand
AD, but the heterogeneity of the etiologic factors makes it difficult to define the
clinically most important factor determining the onset and progression of the dis-
ease. However, increasing evidence indicates that factors such as oxidative stress
and disturbed protein metabolism and their interaction in a vicious cycle are central
to AD pathogenesis.

Increasing interest has been focused on identifying dietary compounds that can
inhibit, retard, or reverse the multistage pathophysiological events underlying AD
pathology. AD, in fact, involves a chronic inflammatory response associated with
both brain injury and β-amyloid associated pathology. All of the above evidence
suggests that stimulation of various repair pathways by mild stress has significant
effects on delaying the onset of various age-associated alterations in cells, tissues,
and organisms.

Curcumin has emerged as a strong inducer of the heat shock response. In light of
this finding, curcumin supplementation has recently been considered an alternative,
nutritional approach to reduce oxidative damage and amyloid pathology associated
with AD.

The potential neuroprotective action of curcumin was discovered during a
screening of its potential to protect against the adverse effects from high doses
of alcohol, which revealed positive results. Since then, studies have indicated po-
tential benefits for AD and Parkinson’s disease, based on laboratory animal models;
clinical work is now beginning. In addition, studies in animal models of AD in-
dicate a direct effect of curcumin in decreasing the amyloid pathology of AD. As
the widespread use of curcumin as a food additive and relatively small short-term
studies in humans suggest safety, curcumin is a promising agent in the treatment
and/or prevention of AD. Just as in AD, inflammation and oxidative damage play
a strong role in the neurodegenerative process of Hodgkin’s disease (HD): Oxida-
tive damage helps to degrade nerve cells in the basal ganglia and cerebral cortex
and chronic inflammation in the brains of people with HD is believed to play a
significant role in the progression of the disease. As shown previously, curcumin
was able to reduce inflammation and oxidative damage in mouse models of AD.76

6.5. Liver Fibrosis

Liver fibrosis and cirrhosis result from the majority of chronic liver insults and
represent a common and difficult clinical challenge of worldwide importance.
At present, the only curative treatment for end-stage cirrhosis is transplantation.
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Hence, there is a considerable imperative to develop antifibrotic strategies that are
applicable to liver fibrosis. Development of liver fibrosis entails major alterations
in both the quantity and quality of the extracellular matrix (ECM).77,78 The re-
modeling of ECM both in normal and pathological conditions is controlled by a
group of enzymes called matrix metalloproteinases (MMPs).79

Curcumin has been extensively investigated for its hepatoprotective potential.
Normally, oxidative stress and inflammation play an important role in the develop-
ment of alcohol and heated polyunsaturated fatty acids (PUFAs) and CCL4-induced
liver fibrosis.80 Curcumin, due to its effective antioxidant and anti-inflammatory
properties, inhibits liver fibrosis.81 Curcumin is also reported to influence the
hepatic expression patterns of MMPs.82 Thus, curcumin emerged as an potent
antifibrotic compound.

6.6. Diabetes

Environmental factors play an important role in the etiology and management of
diabetes, and antioxidants in food and medicinal plants are potential modulators
of diabetes onset, progression, and complications. Among the naturally occurring
compounds, curcumin has received the most attention as an antidiabetic compound.

Oxidative stress as a consequence of hyperglycemia and changes in energy
metabolism and inflammatory mediators play an important role in the pathophys-
iology of diabetes in association with depleted cellular antioxidant defense sys-
tems and enhanced production of ROS.82 Oxidative stress associated with hyper-
glycemia impairs cellular function and alters vascular and neural function. High
glucose concentrations promote free-radical production via the following three
biochemical pathways: advanced glycation end products (AGEs),83 protein ki-
nase C activation,84 and aldose reductase pathway.85 Another important factor
that increases ROS is TNF86; it forms a possible connection between obesity and
diabetes87 and has been linked to insulin resistance88 and diabetic complications.

Curcumin generally improves oxidative status, protects and enhances endoge-
nous defenses, and directly mediates various mechanics of pathology. Many stud-
ies have shown that curcumin prevents AGE-induced complications in rats.89

Curcumin might act by sparing or enhancing the function of the endogenous
antioxidants.90 Antioxidant activities of curcumin might occur synergistically with
glucose-lowering activity.90 The antidiabetic action of curcumin seems to be me-
diated through (1) stimulation of the pancreas to produce and secrete insulin, (2)
interference with dietary glucose absorption, (3) insulin-sparing action of the con-
stituent bioactive compounds, and (4) antioxidant and anti-inflammataory proper-
ties of curcumin.

6.7. AIDS

More recently, curcumin has been shown to inhibit HIV replication,91 and currently
it is in clinical trials. Mazumder et al.92 have shown that curcumin inhibits p24
antigen production and Tat-mediated transcription. They also shown that curcumin
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inhibits purified HIV-l integrase, suggesting that the anti-HIV activity of curcumin
could be due to several mechanisms. Energy minimization studies suggest that the
anti-integrase activity of curcumin could be due to an intramolecular stacking of
two phenyl rings that brings the hydroxyl groups into close proximity (antioxidant
property). The present data suggest that HIV-l integrase inhibition might contribute
to the antiviral activity of curcumin. These observations suggest new strategies for
antiviral drug development that could be based on curcumin as a lead compound
for the development of inhibitors of HIV-l integrase.92

6.8. Autoimmune Disease

The immune system has evolved to discriminate self from nonself antigens, thereby
protecting the host from microbial pathogens and malignant tumors.93 Neverthe-
less, a breakdown in this fundamental immunoregulatory process often results
in the development of chronic infectious diseases, malignant tumors, and organ-
specific autoimmune diseases. Recent studies have used nutraceuticals (human
diets of plant origin, containing many hundreds of biologically active compounds
called nutraceuticals) to successfully target organ-specific autoimmune diseases.94

The pathogenesis of autoimmune diseases involves complex immune mechanisms
in which the pro-inflammatory cytokines contribute to manifestation of the dis-
eases.

The anti-inflammatory action of curcumin is associated with its ability to in-
hibit reactive-oxygen-generating enzymes such as COX, LOX, xanthine dehydro-
genase, and iNOS.95 The involvement of interleukin (IL)-12 in the pathogenesis
of rheumatoid arthritis and myocarditis has been well established, and inhibition
of IL-12 has decreased the clinical symptoms of these autoimmune diseases.96

In view of the central role played by IL-12 in Th1 differentiation, the IL-12/Th1
axis has become a novel molecular target in the treatment of Th1 cell-mediated
autoimmune diseases.

Many studies suggest that nutraceuticals ameliorate autoimmune diseases by
blocking Th1 cell-mediated inflammation and/or by promoting the progenitor cell
growth and differentiation in the repair process.

6.9. Psoriasis

Curcumin, by its immune-modulating, anti-inflammatory, and antioxidant proper-
ties, shows a favorable effect on a mouse model of psoriasis.97 Heng et al.98 showed
that topical treatment with curcumin results in resolution of the psoriatic activity as
assessed by clinical, histological, and immunological criteria in patients. Accord-
ing to them, this antipsoriatic effect is linked to a curcumin-caused modulation of
phosphorylase-kinase (Phk) activity that integrates multiple calcium/calmodulin-
dependent signaling pathways. These pathways are coupled to glycogenolysis and
ATP-dependent phosphorylation, thus ensuring the required energy supply for cell
proliferation and migration.



P1: GFZ

SVNY332-Aggarwal March 14, 2007 12:50

118 MENON AND SUDHEER

The effectiveness of curcumin is shown by the fact that the raised Phk activity
found in untreated psoriasis, that was decreased by the vitamin D3 analogue (and
indirect inhibitor of Phk) calcipotriol, was even more decreased to near-normal
values by the curcumin treatment.

Previous reports suggest additional mechanisms for the antipsoriatic effects
of the antioxidants from C. longa.99,100 Thus, in vitro exposure of human ker-
atinocytes of the HaCaT line to a hydroalcoholic extract of the rhizome of this
plant was as effective for inhibition of the ultraviolet-induced secretion of IL-6
and IL-8 as medium supplementation with betamethasone-17-valerate. This ob-
served downregulation of pro-inflammatory cytokines supports the view that the
curcumin might exert a favorable effect on psoriasis-linked inflammation.

Curcumin, by its effective antioxidant and anti-inflammatory properties, was
evaluated as a remarkable antipsoriatic compound.

6.10. Drug/Environmental Carcinogen-Induced Toxicity

The two most commonly abused substances in the general population are alcohol
and nicotine.

Alcohol is considered to be an important recreational beverage, which is non-
toxic at lower concentrations, but it is toxic at higher concentrations. Alcohol-
related problems are one of the world’s major public health concerns. Alcoholism
is seen in all races, ethnic groups, and socioeconomic strata. Oxidative stress plays
an important role in the development of alcohol-induced tissue injury.101 Antioxi-
dant compounds are important in treating this condition. Curcumin received much
attention as a hepatoprotective agent. It is well established that curcumin pro-
tects experimental rats from chronic alcohol toxicity by its effective antioxidant
property.102

Nicotine, a major toxic component of cigarette smoke, plays an important role
in the development of cardiovascular disease and lung cancer in smokers.103 Nico-
tine damages the system through the production of free radicals and inflammatory
mediators.104 Curcumin was found to offer significant protection to the experi-
mental rats from nicotine-induced toxicity.105

Benzo(a)pyrene [B(a)P] is a classical environmental carcinogen present in
cigarette smoke and generally regarded to be involved in the development of lung
cancer. Curcumin is reported to inhibit the B(a)P-induced DNA mutations and
thus protects the host organism from the development of lung cancer.106

7. CONCLUSION

Curcumin, with its impressive antioxidant and anti-inflammatory properties, was
found to be a genuine natural product in treating a wide array of diseases. Its antiox-
idant property is believed to be due to the presence of different functional groups,
including methoxy, phenoxy, and carbon–carbon double bonds in its structure. Its
remarkable anti-inflammatory property kept it in the limelight over the decades
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in treating inflammatory-mediated diseases including cancer, atherosclerosis, dia-
betes, rheumatoid arthritis, and so forth. Its anti-inflammatory property appears to
be mediated through the inhibition of induction of COX-2, LOX, and iNOS and
the production of cytokines such as interferon-γ, tumor necrosis factor, and many
other transcription factors such as NF-κB.
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MODULATION OF TRANSCRIPTION FACTORS
BY CURCUMIN

Shishir Shishodia, Tulika Singh, and Madan M. Chaturvedi

Abstract: Curcumin is the active ingredient of turmeric that has been consumed
as a dietary spice for ages. Turmeric is widely used in traditional Indian medicine
to cure biliary disorders, anorexia, cough, diabetic wounds, hepatic disorders,
rheumatism, and sinusitis. Extensive investigation over the last five decades has in-
dicated that curcumin reduces blood cholesterol, prevents low-density lipoprotein
oxidation, inhibits platelet aggregation, suppresses thrombosis and myocardial in-
farction, suppresses symptoms associated with type II diabetes, rheumatoid arthri-
tis, multiple sclerosis, and Alzheimer’s disease, inhibits HIV replication, enhances
wound healing, protects from liver injury, increases bile secretion, protects from
cataract formation, and protects from pulmonary toxicity and fibrosis. Evidence
indicates that the divergent effects of curcumin are dependent on its pleiotropic
molecular effects. These include the regulation of signal transduction pathways and
direct modulation of several enzymatic activities. Most of these signaling cascades
lead to the activation of transcription factors. Curcumin has been found to modulate
the activity of several key transcription factors and, in turn, the cellular expression
profiles. Curcumin has been shown to elicit vital cellular responses such as cell
cycle arrest, apoptosis, and differentiation by activating a cascade of molecular
events. In this chapter, we briefly review the effects of curcumin on transcription
factors NF-κB, AP-1, Egr-1, STATs, PPAR-γ, β-catenin, nrf2, EpRE, p53, CBP,
and androgen receptor (AR) and AR-related cofactors giving major emphasis to
the molecular mechanisms of its action.

1. INTRODUCTION

Transcription factors are proteins that bind DNA at a specific promoter or enhancer
region or site and act like genetic switches to regulate the expression of various
genes (Table 1). Transcription factors can be selectively activated or deactivated by
other proteins, often as the final step in signal transduction. Eukaryotic transcription
factors are nearly always positive regulators of transcription, although they occa-
sionally act as negative regulators. Hundreds of transcription factors with function-
ally different domains essential for DNA binding and activation have been identi-
fied and characterized in several organisms. Some of the transcription factors are
important targets for therapeutic intervention in several types of disease (see Refs.
1 and 2 and references therein). For instance, the pro-inflammatory transcription
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Table 1. Transcription factors and their regulated genes.

TRANSCRIPTION
FACTOR GENES REFS.

NF-κB COX-2, MMP-9, cyclinD1, IL-6, IL-8, VEGF, uPA, ICAM-1,
VCAM, Bcl2, BclXL , survivin, cMyc, TRAF-1, TRAF-2,
Bfl-1/A1, FLIP, xIAP, cIAP, HO-1 and others

1

AP-1 DNMT1, COX-2, MMP-9, HB-EGF, GM-CSF, cyclin D1, WAF-1,
p53, ARF, FasL, Fas, Bim, Bcl2, BclXL ,VEGF,uPA, uPAR, pro-
liferin, cathepsin, HO-1, IGF-1, hTERT, collagenase, osteo-
calcin, oxidative response genes, oxidoreductases, xenobiotic
response genes

28, 29

STAT-3 Cylcin D1, COX-2, MMP-2, MMP-10, MMP-1 p21W AF1, VEGF,
BclXL , Mcl-1, c-Myc, survivin, HSP27, adrenomedullin,
c-Fos, MEK5

30–32

β−catenin CyclinD1, cMyc, LIF, MMP, connexin 43, PPAR-�, ITF-2,
MDR1, gastrin

33–35

EpRE Quinine reductase, genes encoding phase II drug-metabolizing
enzymes.

36, 37

Egr-1 NF-κB, cyclin D1, EGFR, IGF-II, PDGF-A, TGFβ1, p57, KIP2,
CBP, TRAIL, NGFI-A-binding proteins 1 and 2, tyrosine
hydroxylase, thrombospondin 1, neuroendocrine-associated
genes

38–43

P53 p21, bax , TFIIB, Apaf-1, SAK (Snk/Plk-akin kinase) 44, 45

Nrf2 HO-1, γGCS 46

AR PSA, IGF-1, Pem, IL-6, Myc, IL-2, IL-4, IL-10, MAPK8, SOCS1,
CREB1, prostatein C3, sex-limited protein (slp),
spermine-binding protein, prostate-binding protein C2A,
cystatin-related protein2, calreticulin, and probasin.

47, 48

PPAR-γ Adipocyte-specificaP2 gene, resistin, endothelin-1 49–51

Abbreviations: ARF, ADP-ribosylation factor; CBP, CREB-binding protein; CREB, cyclic AMP re-
sponse element-binding protein; COX, cyclooxygenase; DNMT1, DNA methyltransferase-1; EGF, epi-
dermal growth factor; EGFR, epidermal growth factor receptor; FLIP, FLICE-inhibitory protein; GCS,
glutamyl cysteine synthetase; GM-CSF, granulocyte macrophage colony-stimulating factor; HO-1,
haemoxygenase-1; HSP, heat shock protein; hTERT, human telomerase reverse transcriptase; IAP, in-
hibitor of apoptosis; ICAM, intercellular adhesion molecule; IGF, insulin-like growth factor; IL, inter-
leukin; MMP, matrix metalloproteinase; ITF-2, immunoglobulin transcription factor-2; LIF, leukemia
inhibitory factor; MAPK, mitogen-activated protein kinase; MDR, multidrug resistance; NGF, nerve
growth factor; PDGF, platelet-derived growth factor; PPAR, peroxisome proliferator-activated recep-
tor; PSA, prostate-specific antigen; TRAF, tumor necrosis factor receptor-associated factor; TGF,
transforming growth factor; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; SAK,
Snk/Plk-akin kinase; SOCS, suppressors of cytokine signaling; TF, transcription factor; uPA, uroki-
nase plasminogen activator; uPAR, urokinase plasminogen activator receptor; VCAM, vascular cell
adhesion molecule; VEGF, vascular endothelial growth factor.

factor, nuclear factor (NF)-κB controls the expression of genes that affect im-
portant cellular processes, such as cell transformation, proliferation, cell survival,
invasion, metastasis, adhesion, angiogenesis, and apoptosis.3,4 Activator protein
(AP)-1 activation is linked to growth regulation, cell transformation, inflammation,
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and innate immune response. AP-1 has been implicated in regulation of genes in-
volved in apoptosis and proliferation. Signal transducer and activator of transcrip-
tion (STAT) are dual-function proteins whose constitutive activation by specific
classes of oncoproteins with protein tyrosine kinase (PTK) activity contributes to
oncogenesis by eliciting permanent alterations in cells’ genetic programs. Some
of the other transcription factors involved in disease are early growth response-
1 (Egr-1), peroxisome proliferator-activated receptor-γ (PPAR-γ), electrophile-
response element (EpRE), β-catenin, NF-E2-related factor 2 (Nrf2), and androgen
receptor (AR).

The anti-inflammatory and antioxidant compound curcumin targets transcription
factors to prevent pathways that are harmful to cells’ normal growth. Curcumin
has been shown to modulate the signaling pathways responsible for regulating the
activation of NF-κB, AP-1, STAT3, Egr-1, PPAR-γ, EpRE, β-catenin, Nrf-2, and
AR. In this chapter, we review the effects of curcumin on transcription factors,
giving emphasis to the molecular mechanisms of curcumin’s activity.

2. NUCLEAR FACTOR-KAPPA B

NF-κB is a transcription factor that is activated in response to variety of stim-
uli, including cytokines, mitogens, carcinogens, chemotherapeutic agents endo-
toxin, physical and chemical stresses, radiation, hypoxia, and other inflammatory
stimuli.3,5,6 NF-κB activation has been shown to regulate the expression of over
200 genes that are involved in cellular transformation, proliferation, antiapoptosis,
angiogenesis, invasion, and metastasis. Although IκB� kinase is the major kinase,
over 60 different protein kinases have been linked to the activation of NF-κB by
different agents.

NF-κB is present in all cells in a resting state in the cytoplasm; only when
activated and translocated to the nucleus is a sequence of events generated. Under
resting conditions, NF-κB consists of a heterotrimer of p50, p65, and IκB� in the
cytoplasm. The phosphorylation, ubiquitination, and degradation of IκB� leads to
the release of the p50–p65 heterodimer, which then translocates to the nucleus and
binds its specific response elements on the DNA of a given gene.

Constitutively active NF-κB is frequently encountered in a wide variety of tu-
mors and in tumor tissues derived from patients7−9 (e.g., multiple myeloma,10 acute
myelogenous leukemia,11 T-cell leukemia,12 acute myeloid leukemia,13 prostate,14

and breast15). More importantly, suppression of NF-κB in these tumor samples has
been shown to inhibit proliferation, and induce cell cycle arrest and apoptosis, in-
dicating the crucial role of NF-κB in the proliferation and survival of cells.16 The
development of a drug that can specifically suppress NF-κB activation requires a
full understanding of the mechanism by which NF-κB is activated in response to
various stimuli.

Our laboratory has shown that various tumor promoters, including phorbol
ester, tumor necrosis factor (TNF), and hydrogen peroxide activate NF-κB and
that curcumin downregulates the activation of NF-�B17 (Figure 1). Curcumin
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downregulates the expression of cell proliferation and antiapoptotic and metastatic
gene products through suppression of IκB� kinase and Akt activation.18 Subse-
quently, others showed that curcumin-induced downregulation of NF-κB is me-
diated through suppression of IκB� kinase (IKK) activation.19,20 IκB� mutations
lead to molecular defects in apoptotic signaling in classic Hodgkin’s lymphoma,
multiple myeloma, and activated B-cell-like diffuse large B-cell lymphoma, which
can be circumvented by targeting NF-κB through inhibition of the IκB kinase com-
plex. Thus, targeting IκB kinases might represent an attractive therapeutic approach
against these malignancies regardless of the mutational status of IκB�.21 Recently,
we have shown that curcumin downregulated cigarette-smoke-induced NF-κB acti-
vation through inhibition of IκB� kinase in human lung epithelial cells.22 Curcumin
suppresses the constitutively active NF-κB activation in mantle cell lymphoma
through the suppression of IKK.23 This led to the downregulation of cyclin D1,
cyclooxygenase-2 (COX2) and matrix metalloproteinases (MMP)-9 by curcumin.

Philip and Kundu have recently reported that curcumin downregulates osteo-
pontin (OPN) induced NF-κB-mediated promatrix metalloproteinase-2 activation
through IκB�/IKK signaling.24 Zheng et al. demonstrated that curcumin arrested
cell growth at the G2/M phase and induced apoptosis in human melanoma cells by
inhibiting NF-κB activation and, thus, depletion of endogenous nitric oxide.25 Kim
et al. recently reported that curcumin inhibited LPS-induced mitogen-activated
protein kinase (MAPK) activation and the translocation of NF-κB p65 in dendritic
cells.26 We have found that curcumin suppresses the paclitaxel-induced NF-κB
pathway in breast cancer cells and inhibits lung metastasis of human breast cancer
in nude mice.27

Downregulation of Notch signaling by curcumin might be a novel strategy for
the treatment of patients with pancreatic cancer.16 The Notch-1 signaling pathway
is associated mechanistically with NF-κB activity during curcumin-induced cell
growth inhibition and apoptosis of pancreatic cells. A recent report, however, sug-
gested that the curcumin-induced apoptosis is mediated through the impairment
of the ubiquitin proteasome system (UPS). Curcumin disrupts the UPS function
by directly inhibiting the enzyme activity of the proteasome’s 20S core catalytic
component. The direct inhibition of proteasome activity causes an increase in the
half-life of IκB� that ultimately leads to the downregulation of NF-κB activa-
tion. The curcumin-induced proteasomal malfunction might be linked with both
antiproliferative and anti-inflammatory activities.52

NF-κB has been shown to upregulate the pro-inflammatory genes during car-
diopulmonary bypass and cardiac global ischemia and reperfusion. Suppression
of NF-κB activation by curcumin led to the downregulation of cardiac pro-
inflammatory genes and inhibition of MMPs during cardiopulmonary bypass,
thereby lessening the severity of cardiac mechanical dysfunction after global car-
diac ischemia/reperfusion injury.53 The pathogenic bacterium Neisseria gonor-
rhoeae (Ngo) is responsible for an array of diseases ranging from urethritis to
disseminated gonococcal infections. Early events in the establishment of infection
involved Ngo-induced induction of the pro-inflammatory cytokines TNF, IL-6, and
IL-8 through the induction of NF-κB. Curcumin inhibited the NF-κB-mediated
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cytokine release and the innate immune response. In addition to the inhibition
of Ngo-induced signaling, curcumin treatment of cells completely abolished the
adherence of bacteria to cells in late infection, underlining the high potential of
curcumin as an antimicrobial compound without cytotoxic side effects.54

NF-κB is a versatile transcription factor that plays an important role in diverse
phenomena, including inflammation, cell proliferation, apoptosis, and oncogene-
sis. Thus, the capability of curcumin to interfere with the activation of NF-κB is of
particular interest to biologists and clinicians. However, the large number of target
genes makes it difficult to propose a unique cellular response to NF-κB inhibition.

3. ACTIVATOR PROTEIN 1

Activator protein-1 is another transcription factor that has been closely linked with
the proliferation and transformation of tumor cells.55 The activation of AP-1 is fre-
quently associated with the activation of NF-κB. The activation of AP-1 requires
the phosphorylation of c-jun through activation of stress-activated kinase c-Jun N-
terminal kinase (JNK).56 The activation of JNK leads to cellular transformation.57

Curcumin has been shown to inhibit the activation of AP-1 induced by tumor
promoters58 and JNK activation induced by carcinogens59 (Figure 2). Bierhaus et
al. demonstrated that curcumin caused the inhibition of AP-1 due to its direct in-
teraction with the AP-1 DNA-binding motif.60 Dickinson et al. have demonstrated
that the beneficial effects elicited by curcumin appear to be due to changes in the
pool of transcription factors that compose EpRE and AP-1 complexes, affecting
gene expression of glutamate–cysteine ligase and other phase II enzymes.61

Curcumin suppressed the constitutive AP-1 DNA-binding and transcriptional
activity in the HTLV-1-infected T-cell line. Curcumin inhibited the growth of
HTLV-1-infected T-cell lines by inducing cell cycle arrest followed by apopto-
sis. The suppression of the constitutively active AP-1 by curcumin might partly
be due to the suppression of JunD expression by curcumin.62 Infection with
high-risk human papillomaviruses (HPVs) leads to the development of cervical
carcinoma, predominantly through the action of viral oncoproteins E6 and E7.
Curcumin suppressed the expression of viral oncogenes E6 and E7, as well as
downregulated the binding of AP-1, an indispensable component for efficient ep-
ithelial tissue-specific gene expression of HPV.63 Hydrogen peroxide stimulates
the proliferation and migration of human prostate cancer cells through the acti-
vation of AP-1 and upregulation of the heparin affin regulatory peptide (HARP)
gene. Curcumin abrogated both hydrogen peroxide-induced HARP expression
and LNCaP cell proliferation and migration.64 Prusty and Das recently reported
that curcumin downregulated AP-1-binding activity in tumorigenic HeLa cells.65

Squires et al. have demonstrated that curcumin suppresses the proliferation of
tumor cells through the inhibition of Akt/PKB activation.66

Interleukin (IL)-18-induced vascular endothelial growth factor (VEGF) plays an
important role in angiogenesis in rheumatoid synoviocytes. The increased level of
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VEGF in fibroblast-like synoviocytes isolated from the patients with rheumatoid
arthritis was associated with increased AP-1-binding activity to the VEGF pro-
moter site. Curcumin dose-dependently abrogated the effect of IL-18 on VEGF
production. These findings suggest that the downregulation of IL-18 activity or AP-
1 signal pathway by curcumin can be a potential therapeutic target for rheumatoid
arthritis.67
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4. EARLY GROWTH RESPONSE-1

The transcription factor Egr-1 is a member of the family of immediate early-
response genes and regulates a number of patho-physiologically relevant genes in
vasculature that are involved in growth, differentiation, immune response, wound
healing, and blood clotting. Pendurthi et al. investigated the effect of curcumin
on Egr-1 expression in endothelial cells and fibroblasts.68 They showed that pre-
treatment of endothelial cells and fibroblasts with curcumin suppressed TPA and
serum-induced Egr-1 binding to the consensus Egr-1-binding site and also to
the Egr-1-binding site present in the promoter of the tissue factor gene. Sim-
ilarly, curcumin inhibits human colon cancer cell growth by suppressing gene
expression of EGFR by reducing the trans-activation activity of Egr-1.38 Cur-
cumin also inhibited TPA-induced de novo synthesis of Egr-1 protein in en-
dothelial cells. Suppression of Egr-1 protein expression in curcumin-treated cells
stemmed from the suppression of Egr-1 mRNA. Curcumin inhibited serum and
TPA-induced expression of tissue factor and urokinase-type plasminogen acti-
vator receptor mRNA in fibroblasts. These results showed that curcumin sup-
presses the induction of Egr-1 and thereby modulates the expression of Egr-1-
regulated genes in endothelial cells and fibroblasts. The downregulation of tis-
sue factor by curcumin has also been demonstrated in bovine aortic endothelial
cells.60

5. SIGNAL TRANSDUCER AND ACTIVATOR OF TRANSCRIPTION

The STAT proteins are signaling molecules with dual functions that were dis-
covered during studies on interferon (IFN)-γ-dependent gene expression.69 Seven
mammalian STAT family members have been molecularly cloned and share com-
mon structural elements.70 They can be activated by phosphorylation through janus
kinase (JAK) or cytokine receptors, G-protein-coupled receptors, or growth fac-
tor receptors (such as EGFR); by platelet-derived growth factor receptors that
have intrinsic tyrosine kinase activity; or by intracellular nonreceptor tyrosine
kinase recruitment31,71 (see Figure 3). Of the seven STAT proteins identified so
far, constitutive activation of STAT3 and STAT5 have been implicated in multiple
myeloma, lymphomas, leukemias, and several solid tumors, making these proteins
logical targets for cancer therapy. These STAT proteins contribute to cell survival
and growth by preventing apoptosis through increased expression of antiapoptotic
proteins, such as bcl-2 and bcl-XL. Recently, STAT 3 was shown to be a direct acti-
vator of the VEGF gene, which is responsible for increased angiogenesis. Elevated
STAT3 activity has been detected in head and neck squamous cell carcinoma,72

leukemias,73 lymphomas,74 and multiple myeloma.75

Bharti et al. demonstrated that curcumin inhibited IL-6-induced STAT3 phos-
phorylation and consequent STAT3 nuclear translocation.75 Curcumin had no ef-
fect on STAT5 phosphorylation but inhibited the interferon �-induced STAT1 phos-
phorylation. The constitutive phosphorylation of STAT3 found in certain multiple
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myeloma multiple myeloma cells was also abrogated by treatment with curcumin.
Curcumin-induced inhibition of STAT3 phosphorylation was reversible. Compared
with AG490, a well-characterized JAK2 inhibitor, curcumin was a more rapid (30
min vs. 8 h) and more potent (10 μM vs. 100 μM) inhibitor of STAT3 phospho-
rylation. In addition, dexamethasone-resistant multiple myeloma cells were found
to be sensitive to curcumin. Overall, these results demonstrated that curcumin was
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a potent inhibitor of STAT3 phosphorylation and this plays a role in curcumin’s
suppression of the proliferation of multiple myeloma.

Kim et al. investigated the inhibitory action of curcumin on JAK-STAT sig-
naling in the brain. Curcumin markedly inhibited the phosphorylation of STAT1
and STAT3 as well as JAK1 and JAK2 in rat primary microglia activated with
gangliosides, lipopolysaccharide, or IFN-γ.76 Li et al. showed that curcumin
suppressed oncostatin-M-stimulated STAT1 phosphorylation, DNA-binding ac-
tivity of STAT1, and c-Jun N-terminal kinase activation without affecting JAK1,
JAK2, JAK3, ERK1/2, and p38 phosphorylation.77 Curcumin also inhibited OSM-
induced MMP-1, MMP-3, MMP-13, and TIMP-3 gene expression.

Natarajan et al. showed that treatment of activated T-cells with curcumin inhib-
ited IL-12-induced tyrosine phosphorylation of JAK 2, tyrosine kinase 2, STAT3,
and STAT4 transcription factors.78 The inhibition of the JAK–STAT pathway by
curcumin resulted in a decrease in IL-12-induced T-cell proliferation and Th1 dif-
ferentiation. STAT5 signaling pathway might be involved in the proliferation of
primary CML cells. Curcumin has been shown to inhibit the cellular proliferation
and the expression of STAT5 mRNA and to downregulate the activation of STAT5
in primary CML cells79 and K562 leukemia cells.80

6. PEROXISOME PROLIFERATOR-ACTIVATED RECEPTOR-GAMMA

Peroxisome proliferator-activated receptor -γ (PPAR-γ) is a member of the nu-
clear hormone receptor gene family that is activated by fatty acids and plays a
role in insulin sensitivity and adipogenesis. Activation of PPAR-γ inhibits the
proliferation of nonadipocytes. The level of PPAR-γ is dramatically diminished
along with activation of hepatic stellate cells (HSCs). Xu et al. demonstrated
that curcumin dramatically induced the gene expression of PPAR-γ and activated
PPAR-γ in activated HSC.81 Blocking its trans-activating activity by a PPAR-γ
antagonist markedly decreased the effects of curcumin on inhibition of cell pro-
liferation. Chen and Xu recently reported that curcumin activation of PPAR-γ
inhibited Moser cell (human colon cancer cell line) growth and mediated the sup-
pression of the gene expression of cyclin D1 and EGFR.82 These results provided
a novel insight into the roles and mechanisms of curcumin in inhibition of colon
cancer cell growth and potential therapeutic strategies for the treatment of colon
cancer.

Hepatic fibrogenesis occurs as a wound-healing process after many forms of
chronic liver injury. Hepatic fibrosis ultimately leads to cirrhosis if not treated
effectively. During liver fibrogenesis, quiescent HSCs become active, a transfor-
mation that is associated with enhanced cell proliferation and overproduction of
the extracellular matrix (ECM). Inhibition of cell proliferation and induction of
apoptosis are potential strategies to block the activation of HSCs for the preven-
tion and treatment of liver fibrosis. Zheng et al. reported that curcumin stimu-
lated PPAR-γ activity in activated hepatic stellate cells in vitro, which was re-
quired for curcumin to reduce cell proliferation, induce apoptosis and suppress
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ECM gene expression.83 Activation of PPAR-γ by curcumin also resulted in
the interruption of transforming growth factor (TGF)-β signaling by suppress-
ing gene expression of TGF-β receptors, leading to the inhibition of connective
tissue growth factor (CTGF) gene expression that is responsible for overproducing
the ECM. Inhibition of �I(I)-collagen gene expression by curcumin in activated
HSCs results from suppression of CTGF gene expression through increasing cel-
lular GSH contents and interruption of TGF-β signaling. These results provide
novel insights into the mechanisms underlying the inhibition of HSC activation by
curcumin.83

The protective effect of curcumin makes it a strong candidate as a novel therapy
for sepsis. The beneficial effect of curcumin appears to be mediated by upregulation
of PPAR-γ. Studies with rats indicate that intravenous administration of curcumin
before the onset of sepsis attenuated tissue injury, reduced mortality, and decreased
the expression of TNF in experimentally induced sepsis. Similar results were also
found when curcumin was administered after the onset of sepsis. Moreover, the
downregulated PPAR-γ in the liver at 20 h after cecal ligation and puncture (CLP)
was significantly improved by curcumin treatment.84

7. ELECTROPHILE-RESPONSE ELEMENT

Transcription has been shown in several systems to be mediated through binding of
transcription factor complexes to TRE and electrophile-response elements (EpRE).
Curcumin exposure has been shown to increase the enzymes responsible for glu-
tathione synthesis, particularly glutamate-cysteine ligase (GCL), and metabolism
as well as glutathione content, suggesting the eliciting of an adaptive response to
stress. Studies have shown that curcumin caused an increase in binding of proteins
to DNA sequences for both cis elements, but, more importantly, it altered the com-
position and nuclear content of proteins in these complexes. Curcumin exposure
increased JunD and c-Jun content in AP-1 complexes and increased JunD while
decreasing MafG/MafK in EpRE complexes. Thus, the beneficial effects elicited
by curcumin appear to be due to changes in the pool of transcription factors that
compose EpRE and AP-1 complexes, affecting gene expression of GCL and other
phase II enzymes.61

8. TUMOR SUPPRESSOR GENE P53

p53 is a tumor suppressor and transcription factor. It is a critical regulator in
many cellular processes, including cell signal transduction, cellular response to
DNA damage, genomic stability, cell cycle control, and apoptosis. The protein
activates the transcription of downstream genes such as p21W AF1 and Bax to in-
duce the apoptotic process, inhibiting the growth of cells with damaged DNA or
cancer cells.85,86 Mutant p53 loses its ability to bind DNA effectively, and, as
a consequence, the p21 protein is not made available to regulate cell division.
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Thus, cells divide uncontrollably and form tumors. Subjects with only one func-
tional copy of the p53 gene are predisposed to cancer and usually develop sev-
eral independent tumors in a variety of tissues in early adulthood. Beyond its
effects in these early cancer syndromes, p53 mutants are found in most tumor
types, where they contribute to the complex network of molecular events lead-
ing to tumor formation. Curcumin has been shown to be a potent inhibitor of
p53.87

In B-cells, curcumin downregulates the expression of the tumor suppressor gene
p53 as well as the survival genes egr-1, c-myc, and bcl-XL .87 Curcumin is known
to induce apoptosis in eight melanoma cell lines, four with wild type and four
with mutant p53 without inducing additional expression of p5388; however, in
human breast cancer cells, curcumin induces apoptosis throughp53-dependent
Bax induction.89,90 Curcumin also inhibits cell cycle progression of immortal-
ized human umbilical vein endothelial cells by upregulating the cyclin-dependent
kinase inhibitors, p21WAF1/CIP1, p27KIP1, and p53.91 In neuroblastoma, curcumin
upregulates p53 expression and induce nuclear translocation of p53, followed by
induction of p21WAF-1/CIP-1 and Bax expression.92

9. BETA-CATENIN

β-Catenin is a central component of the cadherin cell adhesion complex and plays
an essential role in the Wingless/Wnt signaling pathway. Signaling through the
Wnt/β-catenin pathway is dependent on the levels of β-catenin in the cell. In the
absence of a Wnt signal, a multiprotein destruction complex, which includes the
adenomatous polyposis coli (APC) protein and a member of the Axin family, fa-
cilitates the phosphorylation of β-catenin by glycogen synthase kinase-3 (GSK3).
Phosphorylated β-catenin is bound by a component of an E3 ubiquitin ligase and
is ubiquitinated and degraded by the proteasomes. Unphosphorlyated β-catenin
escapes degradation, accumulates in the cell, and enters the nucleus. In the nucleus,
β-catenin interacts with members of the TCF/LEF family of transcription factors
to stimulate expression of target genes.

Curcumin treatment impairs both Wnt signaling and cell–cell adhesion path-
ways, resulting in the cell cycle arrest at G2/M phase and induction of apoptosis in
HCT-116 colon cancer cells.93 Curcumin induced the activation of caspase-3 that,
in turn, mediated the cleavage of β-catenin, decreased the transactivation of β-
catenin/Tcf-Lef, decreased promoter DNA-binding activity of the β-catenin/Tcf-
Lef complex, and decreased the levels of c-Myc protein. Mahmoud et al., while
investigating the efficacy of curcumin for the prevention of tumors in C57BL/6J-
Min/+ (Min/+) mice, found that curcumin decreased the expression of the onco-
protein β-catenin in the enterocytes of the Min/+ mouse, which led to its antitumor
effect. These animals bear a germ-line mutation in the Apc gene and spontaneously
develop numerous intestinal adenomas by 15 weeks of age. Curcumin decreased
tumor formation in Min/+ mice by over 60%. Tumor prevention by curcumin was
associated with increased enterocyte apoptosis.94
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10. NF-E2-RELATED FACTOR 2

The transcription factor NF-E2-related factor 2 (Nrf2) normally exists in an inac-
tive state as a result of binding to a cytoskeleton-associated protein Keap1. It can
be activated by redox-dependent stimuli. Alteration of the Nrf2–Keap1 interac-
tion enables Nrf2 to translocate to the nucleus, bind to the antioxidant-responsive
element (ARE), and initiate the transcription of genes coding for detoxifying en-
zymes and cytoprotective proteins (Figure 4). The Nrf2/ARE signaling pathway
plays a key role in activating cellular antioxidants, including heme oxygenase-1
(HO-1), NADPH quinone oxidoreductase-1 (NQO1), and GSH. This response is
also triggered by a class of electrophilic compounds, including curcumin.
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Curcumin stimulates the expression of Nrf2 in a concentration- and time-
dependent manner in renal epithelial cells. This effect is associated with a signif-
icant increase in HO-1 protein expression and hemoxygenase activity. Curcumin
stimulates ho-1 gene activity by promoting inactivation of the Nrf2–Keap1 com-
plex, leading to increased Nrf2 binding to the resident ho-1 AREs.95

Rushworth et al. have shown that curcumin activates ARE-mediated gene ex-
pression in human monocytes via PKC delta, upstream of p38 and Nrf2.96 Gas-
trointestinal glutathione peroxidase (GI-GPx) has been suggested to act as barrier
against hydrogen peroxide absorption and has also been implicated in the con-
trol of inflammation and malignant growth. Curcumin has been found to exert
its anti-inflammatory and anticarcinogenic effects also by the upregulation of the
selenoprotein GI-GPx by activating the Nrf2/Keap1 system.97

11. ANDROGEN RECEPTORS AND AR-RELATED COFACTORS

Nakamura et al.98 have evaluated the effects of curcumin in cell growth, activation
of signal transduction, and transforming activities of both androgen-dependent
and -independent cell lines. The prostate cancer cell lines LNCaP and PC-3 were
treated with curcumin, and its effects on signal transduction and expression of
androgen receptor and AR-related cofactors were analyzed. Their results showed
that curcumin downregulates transactivation and expression of AR, AP-1, NF-
κB, and CREB. It also inhibited the transforming activities of both cell lines as
evidenced by reduced colony-forming ability in soft agar. These studies suggest
that curcumin has a potential therapeutic effect on prostate cancer cells through
downregulation of AR and AR-related cofactors, AP-1, NF-κB, and CBP.98

12. cAMP RESPONSE ELEMENT-BINDING PROTEIN

p300/CBP, along with histone acetyltransferases (HATs), have been implicated in
cancer cell growth and survival. Acetylation by HAT of specific lysine residues on
the N-terminal tail of core histones results in uncoiling of the DNA and increased
accessibility to transcription factor binding. In contrast, histone deacetylation by hi-
stone deacetylase (HDAC) represses gene transcription by promoting DNA wind-
ing, thereby limiting access to transcription factors. CBP and HATs represent
novel, therapeutically relevant molecular targets for drug development.

Curcumin is a selective HAT inhibitor.99 The � and β unsaturated carbonyl
groups in the curcumin side chain function as Michael reaction sites and the
Michael reaction acceptor functionality of curcumin is required for its HAT-
inhibitory activity. In cells, curcumin promotes proteasome-dependent degra-
dation of p300 and the closely related CBP protein. In addition to inducing
p300 degradation, curcumin inhibited the acetyltransferase activity of purified
p300. Radio-labeled curcumin formed a covalent association with p300; how-
ever, tetrahydrocurcumin displayed no p300 inhibitory activity, consistent with a
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Michael reaction-dependent mechanism. Curcumin was able to effectively block
histone hyperacetylation in both PC3-M prostate cancer cells and peripheral blood
lymphocytes induced by the histone deacetylase inhibitor MS-275.

Balasubramanyam et al. found that curcumin is a specific inhibitor of the
CBP HAT activity but not of p300/CBP-associated factor, in vitro and in vivo.100

Furthermore, curcumin could also inhibit the p300-mediated acetylation of p53
in vivo. It specifically represses the p300/CBP HAT activity-dependent tran-
scriptional activation. Curcumin could also inhibit the acetylation of HIV-Tat
protein in vitro by p300 as well as proliferation of the virus in SupT1 cells.
Thus, nontoxic curcumin, which targets p300/CBP, might serve as a lead com-
pound in combinatorial HIV therapeutics. These data thus suggest curcumin as a
novel compound for development of possibly therapeutic, p300/CBP-specific HAT
inhibitors.

13. CONCLUSION

The evidence presented above clearly demonstrate that curcumin strongly affects
the activity of a number of important transcription factors, including NF-κB, AP-1,
p53, Egr-1, STAT-3, AR, and AR- related cofactors. Some of these transcription
factors are either constitutively expressed or overexpressed in cells leading to
diseased conditions. The versatile chemical structure of curcumin enables the
molecule to interact with a large number of molecules inside of the cell, leading to
a variety of biological effects, like modulation of cell cycle, suppression of growth,
induction of differentiation, upregulation of proapoptotic factors, and inhibition of
reactive oxygen species production. These activities of curcumin might, in part,
explain the molecular basis of the wide and complex effects of this phytochemical;
however, further investigations are required to establish its efficacy in humans.
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CANCER CHEMOPREVENTIVE EFFECTS
OF CURCUMIN

Young-Joon Surh and Kyung-Soo Chun

Abstract: Chemoprevention, which is referred to as the use of nontoxic natural
or synthetic chemicals to intervene in multistage carcinogenesis, has emerged as
a promising and pragmatic medical approach to reduce the risk of cancer. Numer-
ous components of edible plants, collectively termed “phytochemicals” have been
reported to possess substantial chemopreventive properties. Curcumin, a yellow
coloring ingredient derived from Curcuma longa L. (Zingiberaceae), is one of
the most extensively investigated and well-defined chemopreventive phytochemi-
cals. Curcumin has been shown to protect against skin, oral, intestinal, and colon
carcinogenesis and also to suppress angiogenesis and metastasis in a variety an-
imal tumor models. It also inhibits the proliferation of cancer cells by arresting
them in the various phases of the cell cycle and by inducing apoptosis. Moreover,
curcumin has a capability to inhibit carcinogen bioactivation via suppression of
specific cytochrome P450 isozymes, as well as to induce the activity or expression
of phase II carcinogen detoxifying enzymes. Well-designed intervention studies
are necessary to assess the chemopreventive efficacy of curcumin in normal indi-
viduals as well as high-risk groups. Sufficient data from pharmacodynamic as well
as mechanistic studies are necessary to advocate clinical evaluation of curcumin
for its chemopreventive potential.

1. INTRODUCTION

Over the past few decades, there has been tremendous progress in our understand-
ing of the molecular biology of cancer. Nonetheless, we have not conquered this
dread disease yet. Like the majority of other human disorders, cancer is basically
preventable. One of the most promising approaches to reduce the risk of cancer
is chemoprevention.1,2 According to both clinical observations and experimental
models, cancer develops in a stepwise fashion starting with a single oncogenic mu-
tation (either of a proto-oncogene or a tumor suppressor gene, or both) in a single
cell. Chemoprevention is the attempt to use natural and synthetic compounds to
intervene in the early precancerous stages of carcinogenesis, before malignancy
manifests. Recently, there have been considerable efforts to search for naturally
occurring substances for the intervention of carcinogenesis. Many components
derived from dietary or medicinal plants have been found to possess substantial
chemopreventive properties.3 One good example is curcumin, which can act in all
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stages of multistep carcinogenesis. Chemopreventive properties of curcumin have
been extensively investigated and well documented.4−7

2. CHEMOPREVENTIVE EFFECTS OF CURCUMIN

2.1. Animal Studies

Animal models are an important component of chemopreventive research. They
provide a means of identifying effective compounds, of carrying out fundamental
investigations into their mechanisms of action, of determining how they can be
used optimally, of evaluating safety and toxicity, and, ultimately, of providing an
information base for developing intervention trials in humans.8,9

The anticarcinogenic effects of curcumin and its underlying mechanisms have
been investigated in several animal tumor systems, including skin, colon, lung,
duodenal, stomach, esophageal, and oral carcinogenesis (vide infra).

2.1.1. Chemopreventive Effects on Skin Carcinogenesis

The mouse skin carcinogenesis model is an excellent animal model in study-
ing molecular alterations associated with the multistep process of malignant
transformation.10 Topical application of curcumin (1–10 �mol) together with
5 nmol of the prototype tumor promoter 12-O-tetradecanoylphorbol-13-acetate
(TPA), twice weekly for 20 weeks to female CD-1 mice previously initi-
ated with 7,12-dimethylbenz[a]anthracene (DMBA), strongly inhibited papilloma
formation.6,11 In an additional study, topical application of relatively low doses of
curcumin (20 or 100 nmol) markedly abrogated TPA-induced tumor promotion.12

Topical application of commercial-grade curcumin (consisting of approximately
77% curcumin, 17% demethoxycurcumin, and 3% bis-demethoxycurcumin), pure
curcumin, or demethoxycurcumin had almost equipotent inhibitory effects on
TPA-induced tumor promotion in DMBA-initiated mouse skin carcinogenesis.13

In other studies, dietary administration of 2% turmeric also significantly inhib-
ited DMBA plus TPA-induced skin tumor formation in female Swiss mice.14 In a
benzo[a]pyrene (B[a]P)-initiated and TPA-promoted two-stage skin tumorigene-
sis model, 3 or 10 �mol curcumin reduced the number of tumors per mouse by
58% or 62%, respectively. The percentage of tumor-bearing mice was decreased
by 18–25%.

2.1.2. Chemopreventive Effects on Hepatocarcinogenesis

N -Nitrosodiethylamine (DENA) is a powerful hepatocarcinogen in experimen-
tal animals.15 Phenobarbital acts as a promoter of hepatocarcinogenesis when
administered subsequent to an initiating agent like DENA. Curcumin (100 mg/
kg/day) attenuated the DENA-initiated and phenobarbital-promoted formation of
hepatic hyperplastic nodules, body weight loss, and hypoproteinemia in Wistar
rats.16 The chemopreventive effect of curcumin was also demonstrated in a murine
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hepatocarcinogenesis model. Five-week-old C3H/HeN mice were injected i.p. with
N -diethylnitrosamine. A group of mice were fed a 0.2% curcumin-containing diet,
starting 4 days before N -diethylnitrosamine DEN injection and until termination
of the experiment. At the age of 42 weeks, the curcumin group had an 81% reduc-
tion in the multiplicity and a 62% reduction in the incidence of hepatocarcinoma.17

Busquets et al. evaluated the chemopreventive potential of curcumin by treating rats
that had been inoculated with the Yoshida AH-130 ascites hepatoma, a fast-growing
tumor that causes the death of the animal in about 10 days after inoculation.18 The
results showed that curcumin treatment, significantly decreased tumor growth by
31%, and the tumor volume was not significantly affected.

2.1.3. Chemopreventive Effects on Colorectal Carcinogenesis

The Min/+ mouse has an autosomal dominant heterozygous nonsense mutation of
the tumor suppressor Apc gene,19 which is homologous to human germ-line and
somatic APC mutations. The C57Bl/6J Min/+ inbred mouse model is particularly
advantageous for investigating chemopreventive agents, particularly those target
early-stage lesions because scores of adenomas grow to a detectable size within
a few months on a defined genetic background.20 Because Min/+ mice develop
adenomas as a result of inactivation of the same tumor suppressor gene known
to underlie the pathogenesis of most colon cancers in humans, use of this model
seems likely to be appropriate to the design of human chemoprevention trials.21

Min/+ mice received curcumin mixed with their diet commencing 1 week post-
weaning. Animals were killed at the 18th week of age, and the tumor multiplicity
as well as the size was inspected. Dietary curcumin (0.2% and 0.5%) significantly
reduced the intestinal tumor burden.22 In another study, dietary administration of
0.1% curcumin for 10 weeks reduced the frequency of intestinal tumors in Min/+
mice by 65%.23 The azoxymethane (AOM)-induced colorectal tumor model is also
widely employed in studying the chemopreventive effects of dietary agents. AOM-
induced tumors share many histopathologic characteristics with human tumors.21

Subcutaneous injections of AOM (10 mg/kg body weight) once a week for 6
consecutive weeks) produced hyperplasia and the focal areas of dysplasia in the
female CF-1 mouse colon. Administration of 2% curcumin in the diet inhibited
AOM-induced formation of dysplasia.24 Commercial-grade dietary curcumin also
inhibited AOM-induced mouse colon carcinogenesis.25 In an AOM-induced colon
cancer model using male Fischer 344 rats, 2000 ppm of curcumin in the diet
significantly lowered the incidence of colon adenocarcinomas and the multiplicity
of both invasive and noninvasive adenocarcinomas. Furthermore, dietary curcumin
significantly reduced the colon tumor volume by 57% in Fischer F344 rats.26

Similarly, curcumin (8 and 16 g/kg) in the diet elicited pronounced inhibition of
both incidence and multiplicity of adenomas in the same animal model.27

2.1.4. Chemopreventive Effects on Oral Carcinogenesis

Male F344 rats fed the diet containing curcumin at a dose of 0.5 g/kg diet (500
ppm) during the initiation and post-initiation stages exhibited 91% reduction in the
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frequency of 4-nitroquinoline-1-oxide-induced tongue carcinoma by 91%.28 The
incidence of oral preneoplasia was also decreased by curcumin administration.
Likewise, dietary curcumin significantly inhibited N -nitrosomethylbenzylamine-
induced esophageal carcinogenesis in rats when given during the postinitiation
phase as well as the initiation phase.29 In Syrian golden hamsters, curcumin treat-
ment protected against DMBA-induced or methyl-(acetoxymethyl)-nitrosamine-
induced oral mucosal tumorigenesis.30,31

2.1.5. Chemopreventive Effects on Stomach Carcinogenesis

Ikezaki et al. investigated the modifying effects of curcumin on glandular
stomach carcinogenesis in male Wistar rats treated with N -methyl-N ′-nitro-N -
nitrosoguanisine and sodium chloride.32 The total incidence of combined atyp-
ical hyperplasias and adenocarcinomas produced in the glandular stomach was
10% lower in the 0.05% curcumin-fed group than that observed in the basal diet-
fed group. However, the mean number of atypical hyperplasias or adenocarci-
nomas in the glandular stomach of the curcumin-treated rats was decreased by
45%. Turmeric (2% or 5%) in the diet significantly inhibited the formation of
B[a]P-induced forestomach tumors in female Swiss mice, and this response was
dose- and time-dependent.30 Commercial-grade dietary curcumin inhibited B[a]P-
induced forestomach carcinogenesis and N -ethyl-N ′-nitro-N -nitrosoguanidine-
induced duodenal carcinogenesis.25

2.1.6. Chemopreventive Effects on Other Malignancies

Intraperitoneal administration of curcumin at the dose of 100 mg/kg or 200 mg/kg
significantly decreased the number of palpable mammary tumors and suppressed
the production of mammary adenocarcinomas in Sprague–Dawley rats.33 Simi-
larly, the formation of mammary DMBA–DNA adducts was inhibited by curcumin
treatment. In contrast, tumor development for female rats fed diets containing 1.0%
curcumin for 14 days prior to dosing with DMBA was not different from that of
controls. These data suggest that curcumin, when given by systemic administra-
tion, can act as an effective chemopreventative agent toward DMBA-induced rat
mammary tumorigenesis.34 The potential chemopreventive activity of curcumin
on experimentally induced pulmonary tumorigenesis was evaluated.35 Treatment
with dietary curcumin (2000 ppm) starting from 1 week after treatment with a
mixture of B[a]P and the tobacco-specific nitrosamine 4-(methyl-nitrosamino)-1-
(3-pyridyl)-1-butanone (NNK) until termination of the experiment had no effect
on lung tumor multiplicity. Long–Evans Cinnamon (LEC) rats, an inbred mutant
strain that accumulates copper due to an aberrant copper-transporting ATPase
gene, develop acute hepatitis, chronic liver injury, and liver tumors as a result of
copper-induced oxidative stress, lipid peroxidation, and DNA damage. Frank et
al. investigated the modulating role of curcumin in liver and kidney carcinogen-
esis in LEC rats.36 In untreated LEC rats, the frequencies of acute liver failure,
hepatomas, and kidney tumors were 32%, 100%, and 10%, respectively, which
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were not altered by curcumin treatment. However, benign and malignant tumors
at other sites that included leukemia, bladder carcinoma, prostate carcinoma, and
phaeochromocytoma were only present in the untreated control group but not in
the curcumin treatment group.

Six-week-old female SENCAR mice were administered 1 mg of DMBA by gav-
age once a week for 5 weeks. At the 20th week following the first dose of DMBA,
68% of mice developed mammary tumors and 45% had lymphomas/leukemias.
Feeding the 2% curcumin diet had little or no effect on the incidence of
mammary tumors, but the incidence of lymphomas/leukemias was reduced by
53%.11

2.1.7. Chemopreventive Effects on Angiogenesis and Metastasis

Angiogenesis is now regarded as a critical event to the transition of premalignant
lesions in a hyperproliferative state to the malignant phenotype, thus facilitat-
ing tumor growth and metastasis.37 The intensity of angiogenesis, as assessed by
counting microvessels in malignant tissues, acts as a prognostic factor for many
solid tumors such as breast, prostate, and ovarian cancers and very early cancers
of the endometrium and lung.38

The antiangiogenic effect of curcumin on tumor neogenesis was investigated
by carefully assessing the neocapillary formation induced by hepatocellular car-
cinoma cells (HepG2) in mice. In the curcumin (3000 mg/kg)-treated group, the
increase of tumor neocapillary density was attenuated significantly.39 Ohashi et al.
showed that daily oral administration of curcumin suppressed intrahepatic metas-
tasis of hepatocellular carcinoma CBO140C12 cells, and the growth of implanted
tumors was not affected.40 Hong et al. attempted to characterize the antimetastatic
effects of a curcumin-supplemented diet using a prostate xenograft model. All of
the mice developed tumors on their foot pads, following the implantation of the
prostate carcinoma DU-145 cells.41 Curcumin markedly reduced the tumor vol-
ume in the tumor-bearing site. The metastatic nodules were significantly fewer in
the curcumin-treated group than those in the untreated group. Dorai et al. injected
subcutaneously into nude mice the androgen-dependent LNCaP prostate cancer
cells mixed with matrigel.42 A significant decrease in the microvessel density
as measured by CD31 antigen staining was seen in the 2% curcumin-fed group
after the 6th week. Aggarwal and his colleagues investigated the ability of cur-
cumin to modulate human breast cancer metastasis to the lung in a nude mouse
xenograft model.43 They found that curcumin plus paclitaxel (Taxol) suppressed
the incidence of breast cancer metastasis in the lung. Treatment with 10 mg/kg
paclitaxel alone modestly reduced the incidence of metastasis. However, both cur-
cumin alone and curcumin plus paclitaxel significantly reduced the incidence and
the number of metastasized nodules in the lung. Although there was no direct
inhibitory effect of curcumin on pulmonary carcinogenesis, curcumin was tested
for the inhibition of lung metastasis induced by B16F10 melanoma cells in mice.44

Oral administration of curcumin at 200 nmol/kg body weight was found to inhibit
the pulmonary metastasis as assessed by the reduction in the number of lung tu-
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mor nodules (80%). Consequent to the inhibition of the formation of lung tumor
nodules, the life span of animals treated with curcumin was substantially increased.
The formation of metastases from liver and kidney tumors into the lung and peri-
toneum in LEC rats was totally prevented by curcumin in spite of the lack of direct
chemopreventive activities of curcumin on tumorigenesis toward these organs.36

2.2. Epidemiologic and Clinical Studies

An anecdote introducing the potential application of curcumin as a topical treat-
ment for oral cancers and leukoplakia has been reported.45 According to this report,
there was a reduction in the size of the lesions observed in 10% of the 62 patients
treated, but there was no control group included.

In a pilot study conducted in Leicester, UK, standardized curcumin extracts
containing 36–180 mg curcumin were administered daily for up to 4 months
to patients with progressive advanced colorectal cancer refractory to standard
chemotherapies.46 Oral curcuma extract containing up to 180 mg curcumin was
well tolerated, and dose-limiting toxicity was not observed. Neither curcumin nor
its metabolite was detected in blood or urine, but curcumin was recovered from
feces, which reflected the low systemic bioavailability as well as poor gastroin-
testinal absorption of the compound after oral dosing. Five of 15 patients treated in
this study experienced radiologically stable disease staus for 3 months. The venous
level of a tumor marker, carcino-embryonic antigen was decreased significantly in
one patient.46 In a subsequent phase 1 clinical trial, patients with progressive ad-
vanced colorectal cancer were given tablets containing various doses of curcumin,
ranging from 0.45 g to 3.6 g, administered daily for up to 4 months. Again, there
was no discernible toxicity observed except mild diarrhea.47 Curcumin and its glu-
curonide and sulfate metabolites were detected in plasma and urine. Consumption
of a 3.6-g curcumin tablet inhibited the production of prostaglandin E2 (PGE2) in
blood leukocytes as measured ex vivo. Two of 15 patients experienced radiologi-
cally stable conditions for 4 months after the curcumin treatment. Based on these
observations, a daily oral dose of 3.6 g curcumin has been advocated for evaluation
in the prevention or treatment of malignancies at sites other than the gastrointesti-
nal tract.47 Cheng and colleagues completed a phase I clinical trial of curcumin
(1–8 g per day) in patients with pre-invasive malignant or high-risk premalignant
conditions of the bladder, skin, cervix, stomach, or oral mucosa in Taiwan.48 This
study demonstrated that curcumin is not toxic to humans up to 8 g per day when
taken orally for 3 months, although the quality of life was not recorded. Garcea and
colleagues reported that ingestion of 3.6 g of curcumin daily for a week decreased
the levels of the oxidative DNA adduct 3-(2-deoxy-�-di-erythro-pentafuranosyl)
pyr[1,2-�]-purin-10(3H ) one in patients with colorectal cancer.49 The same
adduct levels were 2.5-fold higher in malignant tissues compared with normal
ones.

Currently, the National Cancer Institute is investigating nearly 40 agents in
phase I to III human clinical trials. Curcumin is one of those prospective agents in
phase I clinical trials pending its evaluation for the prevention of colon, breast, lung,
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and prostate cancer. Enthusiasm for curcumin in cancer prevention stems from its
performance in pre-clinical settings (http://www.cancer.gov/clinicaltrials/view
clini-caltrials.aspx?version = patient&cdrid = 67916&clickitem = ClinicalTrials
SearchResult, NCI).

3. MECHANISMS UNDERLYING CHEMOPREVENTIVE
ACTIVITIES OF CURCUMIN

The aforementioned chemopreventive effects of curcumin are likely to be the sum
of several distinct mechanisms (Figure 1). The plausible mechanisms by which
curcumin exerts its inhibitory effects on multistage carcinogenesis are described
below and summarized in Table 1.

Figure 1. Effects of curcumin in turmeric on multistage carcinogenesis. Curcumin inhibits

tumor initiation by blocking the metabolic activation of carcinogens or by stimulating

their detoxification. It also exerts antitumor-promoting effects by suppressing inflammatory

signaling mainly mediated by COX-2 and iNOS that are under the control of NF-�B and

other transcription factors. Curcumin also acts in the progression stage of carcinogenesis

by inhibiting metastasis and angiogenesis, which are crucial for the survival and spread

of tumor cells. Furthermore, curcumin has antiproliferative effects that are attributed to

its capability to induce apoptosis of precancerous and malignant cells or inhibit the cell

cycle progression. The mechanistic basis for the aforementioned chemopreventive effects

of curcumin is summarized in Table 1 and described more in detail in the Section 3 of this

chapter and also in other chapters.



P1: GFZ

SVNY332-Aggarwal March 8, 2007 15:12

156 SURH AND CHUN

Table 1. Summary of chemopreventive effects of curcumin and underlying mechanisms.

CHEMOPREVENTIVE CELL LINES/ANIMAL MODELS
EFFECTS MECHANISMS EMPLOYED

Inhibition of carcinogen

activation

Inhibition of cytochrome

P450 activity/

expression

MCF-7 cells,50 rat liver microsome,51

Sprague–Dawley rats,51 male Swiss

mice,52 female Swiss Webster mice53

Stimulation of carcinogen

detoxification

Induction of GST activity Female A/J mice,54 male ddY mice,55

male F344 rats,56 female Swiss

Webster mice53

Induction of UGT activity Male Wistar rats57

Upregulation of HO-1

expression/activity

Human hepatocytes,58 porcine renal

epithelial cells,59 vascular endothelial

cells,60 human renal proximal tubule

cells61

Anti-inflammation Suppression of COX-2

expression or activity

Mouse epidermis,62 human

gastrointestinal cells,63 human

colonic epithelial cells,64 mouse

skin,65 BV2 microglial cells66

Suppression of iNOS

expression or activity

RAW 264.7 cells,67 BALB/c mouse

peritoneal macrophages68

Apoptosis induction Stimulation of caspase

activity

K562 cells,69 human melanom a cells,70

neuro 2a cells71

Suppression of cell

survival signaling

U937 monocytic lymphoma cells,72,73

human kidney carcinoma cells,74

DU145 cells75

Inhibition of cell cycle

progression

G2/M arrest HL-60 cells,76 MCF-7 human breast

tumor cell line,77 human colon cancer

cells,78−80 gastric KATO-III cells80

G0/G1 arrest Human umbilical vein endothelial

cells,81 human kidney carcinoma

cells74

Inhibition of angiogenesis Inhibition of VEGF

expression

Ehrlich ascites tumor (EAT) cells, NIH

3T3 cells, and HUVEC cells,82 U937

and Raji cells,83 MDA-MB-231

cells84

Inhibition of CD13/

aminopeptidase

APN-(+) versus APN-(−) tumor cells85

Inhibition of metastasis

and invasion

Inhibition of MMP

expression or activity

Murine melanoma cells B16F10,86

human hepatocellular carcinoma

SK-Hep-1 cells,87 hepatocellular

carcinoma CBO140C12 cells,40

MCF10A human breast epithelial

cells,88 human astroglioma cells89

Inhibition of CD13/

aminopeptidase

APN-(+) versus APN-(−) tumor cells85

Inhibition of oncogene

expression/activation

Decreased c-ras, c-jun,

c-fos and c- myc
expression

CD-1 mouse skin,90 mouse tumorous

skin,91 SKH-1 mouse skin,92 mouse

epidermal JB6 cells,92 B lymphoma

cells,93 HCT-116 cells94

Potentiation of tumor

suppressor function

Increased p53

accumulation or

phosphorylation

MCF-7,95 human breast cancer cell lines

TR9–7,96 human neuroblastoma cell

lines,97 human ovarian cancer cells,98

colon adenocarcinoma cells HT-2999
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3.1. Inhibition of Carcinogen Activation

Modulation of enzymes involved in metabolic activation and detoxifica-
tion/excretion of carcinogens is one of the representative mechanisms of chemopre-
ventive agents.100 Phase I enzymes, including those that belong to the cytochromes
P450 (CYP450) superfamily, are intended, in general, to facilitate the elimination
of toxic xenobiotics by the addition of functional groups, rendering these com-
pounds more water soluble. Although phase I functionalization reaction might be
necessary for efficient detoxification, induction of phase I xenobiotic metabolizing
enzymes might also be detrimental, as it can produce ultimate electrophilic species
capable of reacting with DNA, thereby initiating carcinogenesis.101 The effects of
turmeric and curcuminoids on the formation of B[a]P-derived DNA adducts were
studied in vitro by employing the mouse liver postmitochondrial S9 fraction.102

A dose-dependent decrease in binding of B[a]P metabolites to calf thymus DNA
was observed in the presence of turmeric and curcumin. Demethoxycurcumin and
bis-demethoxycurcumin also inhibited the B[a]P–DNA adduct formation dose-
dependently.

When MCF-7 human mammary epithelial carcinoma cells were treated with
1 �M of DMBA for 24 h, there was an increase in CYP1A1 enzyme activity.
Curcumin competitively inhibited the DMBA-induced CYP1A1 activity in these
cells. The CYP1A1 activity of microsomes isolated from DMBA-treated cells was
inhibited by 50% with 1 �M curcumin treatment.50 Curcumin also blocked the
metabolic activation of DMBA, as measured by the formation of DMBA–DNA
adducts and decreased DMBA-induced cytotoxicity.50 Thapliyal and Maru investi-
gated the effects of curcumin, demethoxycurcumin, and bis-demethoxycurcumin
on the activities of isozymes of CYP1A1, CYP1A2, and CYP2B1, which are
predominantly involved in the metabolism of B[a]P.51 In vitro incubation of rat
liver microsomes with each of the compounds showed a dose-dependent decrease
in carbon monoxide binding to microsomes and also inhibited CYP1A1, CYP1A2,
and CYP2B1 activity, which were induced by B[a]P and NNK.51 Pretreatment of
Sprague–Dawley rats with 1% turmeric through the diet resulted in a significant de-
crease in B[a]P-induced CYP1A1 and CYP1A2 and phenobarbitone (PB)-induced
CYP2B1 in the liver, lung, and stomach, although the extent of the inhibition was
different.54 A similar inhibition was also reported in female A/J mice. Thus, the
administration of 2% curcumin in the diet to female A/J mice for 2 weeks produced
a 25% decrease in the CYP1A catalytic activity but not protein levels.54 Female
Swiss Webster mice given curcumin (200 mg/kg or 400 mg/kg, p.o.) for 2 weeks
displayed a 25% decrease in the hepatic CYP1A catalytic activity, whereas the
activities of ovarian aromatase, hepatic catechol-O-methyltransferase and hepatic
UDP-glucuronosyltransferase (UGT) were not altered.53 Additionally, there was
a 20% decrease in the catalytic activity and a 28% decrease in polypeptide levels
of CYP3A following 2 weeks of curcumin treatment at 400 mg/kg. In another
study, 1% turmeric administered through the diet to male Swiss mice significantly
inhibited the activities of CYP1A1 and CYP1A2 in the forestomach, liver, and
lung.52
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3.2. Stimulation of Carcinogen Detoxification

Phase II detoxifying enzymes conjugate the activated compounds to endoge-
nous ligands, such as glutathione (GSH), glucuronic acid, acetic acid, or sulfu-
ric acid, thereby facilitating their excretion. Many of the chemopreventive agents
have been shown to increase the levels of a wide variety of phase II drug me-
tabolizing enzymes, such as glutathione-S-transferase (GST), NAD(P)H:quinone
oxidoreductase 1 (NQO1), UDP-glucuronosyltransferase, aldehyde dehydroge-
nase, aldo-keto-reductase, microsomal epoxide hydrolase, glutamate cysteine lig-
ase (GCL), glutathione synthetase, � -glutamyl transpeptidase, heme oxygenase-1
(HO-1), and leukotriene B4 12-hydroxydehydrogenase.103 The 5′-flanking regions
of these genes contain a common cis element, commonly known as the antioxidant-
responsive element (ARE) or electrophile-responsove element.3 The transcription
of ARE-driven genes is regulated, at least in part, by nuclear transcription factor
erythroid 2p45 (NF-E2)-related factor 2 (Nrf2), which is sequestered in cytoplasm
by Kelch-like ECH-associated protein 1 (Keap1). Exposure of cells to ARE induc-
ers results in the dissociation of Nrf2 from Keap1, which allows Nrf2 to translocate
into the nucleus.104

It is well known that although CYP1A1 is important in the conversion of B[a]P
to an ultimate electrophilic and carcinogenic form, (+)-anti-7,8-dihydroxy-9,10-
epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene, detoxification of this reactive interme-
diate is accomplished by GST. Feeding of 2% curcumin in the diet to female A/J
mice for 14 days caused a 2.3-fold increase in hepatic GST activities.54 Two per-
cent curcumin in the diet fed to male ddY mice for 30 days enhanced the activities
of GST and quinone reductase 1.7 and 1.8 times in the liver and 1.1 and 1.3 times in
the kidney, respectively, as compared to the levels in control animals.55 Male F344
rats fed curcumin by gavage over 5 days exhibited an increased total GST levels
and GST-� enzymatic activities in the prostate.56 Whereas curcumin treatment for
2 weeks resulted in a 20% increase in GST activity, there was no parallel increase
in hepatic stores of GSH.53 Dietary supplementation of 1% curcumin for 2 weeks
significantly enhanced UGT activities in both the liver and intestine.57 Curcumin
disrupts the Nrf2–Keap1 complex, leading to nuclear translocation and increased
ARE binding of Nrf2, which was associated with a significant increase in the ex-
pression of HO-159 and GCL.105 Likewise, curcumin induced the expression and
activity of HO-1 in human hepatocytes,58 vascular endothelial cells,60 and human
renal proximal tubule cells.61

3.3. Suppression of Pro-inflammatory Signaling

Cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) are im-
portant enzymes that mediate inflammatory processes. Improper upregulation of
COX-2 and iNOS has been associated with the pathophysiology of certain types of
human cancer as well as inflammatory disorders. Because chronic inflammation
is closely linked to tumor promotion, substances with potent anti-inflammatory
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activities are anticipated to exert chemopreventive effects on carcinogenesis, par-
ticularly in the promotion stage.106

The ability of curcumin to inhibit both activity and induced expression of COX-2
has been demonstrated in various cell lines and animal models.107 Topical applica-
tion of curcumin strongly inhibited the activities of COX-2 and lipoxygenase, two
key enzymes involved in arachidonic acid cascades and in mouse epidermal mi-
crosomes and cytosol, respectively62 Treatment of several human gastrointestinal
cell lines with curcumin suppressed the expression of COX-2 protein and mRNA
as well as PGE2 production induced by TPA or chenodeoxycholate.63 Curcumin
inhibited nitric oxide (NO) production and the expression of iNOS protein and
mRNA in RAW 264.7 cells stimulated with bacterial lipopolysaccharide (LPS) or
interferon (IFN)-� .67

The inhibitory effects of curcumin on pro-inflammatory gene expression are
related to its inactivation of activator protein-1 (AP-1) and nuclear factor-�B (NF-
�B).108 Curcumin pretreatment caused marked inhibition of COX-2 mRNA and
its protein expression as well as NF-�B DNA-binding activity in tumor necrosis
factor (TNF)-�-treated human colonic epithelial cells in culture64 and mouse skin
in vivo.65 Curcumin significantly inhibited LPS-mediated induction of COX-2 ex-
pression at both mRNA and protein levels in BV2 microglial cells by blocking the
activation of NF-�B and AP-1.66 Chan et al. have reported the inhibition by cur-
cumin of iNOS gene expression in isolated BALB/c mouse peritoneal macrophages
and in the livers of LPS-injected mice.68 Curcumin was found to inhibit IL-1�-
mediated expression of pro-inflammatory genes, such as ICAM-1 and IL-8, in
rat intestinal or human colonic epithelial cell lines via the blockade of NF-�B
activation.109

3.4. Induction of Cancer Cell Apoptosis

The ability of curcumin to induce apoptosis selectively in cancerous and trans-
formed cells contributes to its anticancer potential. Curcumin has been reported to
efficiently induce apoptosis in various cell lines, including HL-60, K562, MCF-7,
and HeLa.110 It also induces apoptosis in scleroderma lung fibroblasts without
affecting normal lung fibroblasts.111 Jiang and colleagues reported that curcumin
induced cell shrinkage, chromatin condensation, and DNA fragmentation, char-
acteristics of apoptosis, in immortalized mouse embryo fibroblasts (NIH 3T3),
erbB2-transformed NIH 3T3 cells, mouse sarcoma S180, human colon cancer HT-
29 cells, human kidney cancer cells, and human hepatocellular carcinoma Hep G2
cells.112

One of the major signaling pathways involved in apoptotic cell death includes
the intracellular caspases, a family of structurally related cysteine proteases.113

Caspase activity is responsible, either directly or indirectly, for the prote-
olytic cleavage of certain cellular proteins, which is characteristic of apop-
totic cell death. For example, caspases 2, 3, 6, 7, and 9 can cleave poly(ADP
ribose)polymerase.114 Bcl-2 family proteins are one of the well-defined regulators
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of apoptosis. The ratio of antiapoptotic (e.g., Bcl-2) and proapoptotic (e.g.,
Bax) proteins determines, in part, how cells respond to apoptotic or survival
signals.115

The mechanisms responsible for apoptosis induction by curcumin include the
release of cytochrome-c and modulation of cell survival and death signaling path-
ways involving Akt, NF-�B, AP-1, or JNK and downregulation of the expression
of survival genes and inhibitor of apoptosis (IAP).116 Curcumin induced apoptosis
through Akt dephosphorylation, inhibition of Bcl-2, Bcl-xl, and IAP, cytochrome-c
release, and caspase-3 activation in human kidney carcinoma cells74 and U937
monocytic lymphoma cells. Duvoix and colleagues demonstrated that curcumin
efficiently induced proteolytic cleavage of pro-caspases 8 and 9 and PARP, leading
to apoptosis in K562 cells.69 Curcumin induced apoptosis through the activation
of caspases 8 and 9 in human melanom cells.70 Jana et al. demonstrated that
curcumin inhibited proteasome activity in mouse neuro 2a cells, potentially lead-
ing to the induction of apoptosis through caspase-9 activation.71 The compound
has been shown to inhibit the activation of transcription factors NF-�B and AP-1,
which regulate the genes responsible for proliferation and antiapoptosis. Curcumin
treatment suppressed the constitutive activation of NF-�B and AP-1 in DU145
cells, which, in turn, downregulated endogenous Bcl-2.75 Recently, Hussain et al.
demonstrated that curcumin suppressed proliferation of several T-cell lines via de-
phosphorylation (inactivation) of constitutively active Akt and GSK3.117 Aggarwal
et al. have also reported that curcumin abrogates TNF–induced Akt activation in
U937 cells.72

3.5. Cell Cycle Arrest

Cell cycle regulatory proteins and checkpoints are downstream elements of sig-
naling cascades crucial for cell proliferation. Studies in a variety of cell lines have
demonstrated that curcumin exerts antiproliferative effects by inducing not only
apoptosis but also cell cycle arrest.116

In human promyelocytic leukemia (HL-60) cells treated with 25 �M curcumin
for 48 h, about 60% cells were initially arrested in the G2/M phase of cell cycle and
then in the G0/G1 phase, and as a result, DNA synthesis was halted and apoptosis
was induced76 Curcumin induced cell cycle arrest in the G2/M phase in human
colon cancer HT-29 cells,78 in another colon carcinoma cell line (Lovo),79 and
in the MCF-7 human breast tumor cell line.77 Curcumin suppressed cell prolif-
eration and induced G2/M arrest in gastric KATO-III and colon HCT-116 cancer
cells.80 The levels of cyclin D and cyclin E declined with curcumin treatment in
both cell lines. Curcumin was also found to induce G0/G1 and/or G2/M phase
cell cycle arrest, upregulate CDKIs, p21WAF1/CIP1, p27KIP1, and p53, and
slightly downregulate cyclin B1 and cdc2 in human umbilical vein endothelial
cells (HUVEC).81 In human colon cancer-derived Moser cells, the curcumin-
induced cell cycle arrest has been accompanied by suppression of gene expres-
sion of cyclin D1 and epidermal growth factor receptor, which was mediated via
stimulation of the trans-activating activity of peroxisome proliferator-activated
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receptor � .118 (A novel curcumin derivative, (4-[3,5-bis-[2-(4-hydroxy-3-
methoxy-phenyl)-ethyl]-4,5-dihydro-pyrazol-1-yl]-benzoic acid), exhibits potent
inhibitory activities against the proliferation of HCT-15 human colon cancer cells
by antagonizing the Ca2+/calmodulin function.119

3.6. Inhibition of Angiogenesis and Metastasis

Angiogenesis is now regarded as critical to the transition of premalignant lesions
in a hyperproliferative state to the malignant phenotype, thus facilitating tumor
growth and metastasis.37 There is increasing evidence that vascular endothelial
growth factor (VEGF) and angiopoietins are the prime regulators of normal and
pathological angiogenesis. Curcumin was previously described as a good antian-
giogenesis agent.120 Curcumin has inhibitory effects against VEGF and angiopoi-
etins 1 and 2 in Ehrlich ascites tumor cells, VEGF and angiopoietin 1 in NIH3T3
cells, and tyrosine kinase Flk-1/KDR (VEGF receptor-2) in HUVEC cells.82 In
U937 and Raji cells, expression of VEGF mRNA induced by TNF-� was sup-
pressed by curcumin.83 In estrogen-negative MDA-MB-231 human breast cancer
cells, curcumin inhibited the transcript levels of VEGF and another angiogenesis
factor, basic fibroblast growth factor.84

Matrix metalloproteinases (MMPs) are a family of zinc-dependent endopepti-
dases that can degrade components of the extracellular matrix,121 allowing tumor
cells to migrate to their secondary sites of growth via blood and lymphatic vessels.
Among the MMPs, a great concern has focused on MMP-2 and MMP-9. These
two MMPs have been demonstrated to degrade type IV collagen and are involved
in the invasion, angiogenesis, and metastasis of tumor cells122 Increased expres-
sion and activity of MMP-2 and MMP-9 have been demonstrated in many human
tumors.123

Curcumin treatment inhibited significantly MMP-2 activity and expression
of membrane type-1 matrix metalloproteinase (MT1-MMP) and focal adhesion
kinase, an important component of the intracellular signaling pathway, in highly
metastatic murine melanoma cells (B16F10). This led to a pronounced reduction in
cell adhesion to extracellular matrix (ECM) ligands fibronectin and vitronectin86

and enhancement in the expression of antimetastatic proteins, tissue inhibitor
metalloproteinase (TIMP)-2, nonmetastatic gene 23 (Nm23), and E-cadherin.124

Curcumin, at 10 �M, inhibited cellular migration and invasion via suppression
of MMP-9 secretion in the human hepatocellular carcinoma (SK-Hep-1) cell
line.87 It also inhibited the production of MMP-9 and adhesion and migration
to fibronectin and laminin in hepatocellular carcinoma CBO140C12 cells.40 Fur-
thermore, curcumin inhibited phorbol ester-induced upregulation of MMP-9 by
blocking ERK1/2 phosphorylation and NF-�B transcriptional activity in MCF10A
human mammary epithelial cells88 and by inhibiting the protein kinase C signal-
ing pathways in human astroglioma cells.89 CD13/aminopeptidase N (APN) is a
membrane-bound, zinc-dependent metalloproteinase that plays a key role in tumor
invasion and angiogenesis. Curcumin, by directly binding to APN, irreversibly in-
hibits its activity.89 Interestingly, curcumin strongly inhibited APN-positive tumor
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cell invasion and basic fibroblast growth factor-induced angiogenesis, but it failed
to exert such anti-invasive effects in APN-negative tumor cells. In another study,
the antiangiogenic activity of demethoxycurcumin, a naturally occurring structural
analog of curcumin, was explored by utilizing cDNA microarray-based gene ex-
pression analysis in cultured HUVECs using cDNA microarray analysis. Of 1024
human cancer-focused genes arrayed, 9 angiogenesis-related genes were down-
regulated over fivefold in demethoxycurcumin-treated cells.125 In support of the
results obtained from cDNA microarray analysis, MMP-9 expression was down-
regulated over fivefold by demethoxycurcumin treatment.

3.7. Modulation of Oncogenes and Tumor Suppressor Genes

Oncogenes and tumor suppressor genes control cell cycle and apoptosis. Events
leading to carcinogenesis involve mutations in oncogenes, resulting in a dominant
gain of function, or mutations in tumor suppressor genes with a resultant loss of
their inhibitory action. The Ras signaling cascade constitutes a major pathway that
has been demonstrated to be misregulated in about 30% of all human tumors.126

In fact, ras genes are the most frequently mutated oncogenes that can be detected
in human tumors.

The Jun family of transcription factors includes c-Jun, JunB, and JunD. To-
gether with Fos family members (FosB, Fra-1, and Fra-2), they form the group of
AP-1 proteins that, after dimerization, bind to so-called TPA-responsive elements
(TRE) in the promoter and enhancer regions of target genes. AP-1-regulated genes
include important regulators of invasion, angiogenesis, metastasis, proliferation,
differentiation, and survival. The transcription factor c-Jun cooperates with onco-
genic alleles of ras in malignant transformation. Member of the myc gene family
are involved in the regulation of growth and development of normal and cancer
cells. In particular, c-myc, the cellular homologue of the avian myelocitic leukemia
virus, is implicated in a large number of human solid tumors, leukemias, and lym-
phomas as well as in a variety of animal neoplasias.127 Deregulated expression of
Myc can drive cell proliferation and vasculogenesis, inhibit cell differentiation,
and promote metastasis and genomic instability.128

Kakar and Roy found that topical application of curcumin (10 �mol) on the
dorsal side of the CD-1 mouse skin 30 min before TPA treatment inhibited TPA-
induced expression of c-fos and c-jun by 90% and that of c-myc by 60%.90 Orally
administered 1% curcumin significantly decreased protein expression of ras and fos
proto-oncogenes in the tumorous skin.91 Topical application of 10 �mol curcumin
together with 5 nmol TPA once a day for 5 days strongly inhibited epidermal
hyperplasia and expression of c-Jun and c-Fos.92 Moreover, application of 10 �mol
curcumin to SKH-1 mouse skin twice a day for 5 days immediately after 180
mJ/cm2 ultraviolet B (UVB) exposure had a variable inhibitory effect on the UVB-
induced expression of c-Fos and c-Jun and on epidermal hyperplasia.92 These data
strongly suggest that curcumin might inhibit tumor promoter or UVB-induced
skin cancer through modulation of expression of these oncogenes. Curcumin at
10 nM concentration inhibited the expression of c-Jun induced by TPA in mouse
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epidermal JB6 cells92 and downregulated the expression of c-myc in B lymphoma
cells93 and HCT-116 cells.94

p53, which is the most commonly inactivated tumor suppressor and mutated in
about 60% of human cancers, functions as a transcription factor regulating genes
involved in cell cycle arrest, apoptosis, and DNA repair.129 Curcumin induced
accumulation of WT p53 and apoptosis in the human breast cancer cell lines
MCF-7 and TR9–7,95,130 human neuroblastoma cell lines,97 and human ovarian
cancer cells.98 Choudhuri et al. reported that curcumin induced apoptosis in a
p53-dependent manner in human mammary epithelial carcinoma cells.130 In colon
adenocarcinoma HT-29 cells, treatment with 50 �M curcumin caused no changes
in total p53 expression99 However, a notable change was observed in the serine
phosphorylation level of p53.

In the etoposide-treated human RKO colorectal cancer cell line, curcumin in-
hibited accumulation of phosphorylated wild-type p53 and induction of G1 growth
arrest, which appears to be attributable to its �,�-unsaturated electrophilic moiety
that might disrupt p53 conformation required for its serine phosphorylation.131

Tsvetkov et al. showed that curcumin inhibited NQO1 activity both in vitro and
in vivo and disrupted the binding of NQO1 to functionally active wild-type p53,
induced ubiquitin-independent degradation of p53, and inhibited p53-mediated
apoptosis in normal thymocytes and myeloid leukemic cells.132 The authors sug-
gested that curcumin can promote p53 degradation by an ubiquitin-independent
mechanism and thereby protects cells against p53-induced apoptosis.

4. CONCLUDING REMARKS

Chemoprevention by edible phytochemicals is now considered to be an inexpen-
sive, readily applicable, acceptable, and accessible approach to cancer control
and management. The optimization of intervention trials of diet-derived putative
chemopreventive agents is currently under development in normal populations
as well as high-risk groups as critical molecular targets of chemoprevention are
being unraveled. Curcumin exerts potential chemopreventive activities in several
animal tumor models via multiple underlying molecular mechanisms targeting
all stages of multistep carcinogenesis (Figure 1). Curcumin has been considered
to be evaluated in intervention trials for its potential use as a cancer chemopre-
ventive agent. Apart from the assessment of efficacy as well as elucidation of
underlying molecular mechanisms, measurement of potential biomarkers of phar-
macodynamic effects, including absorption and systemic bioavailability, are also
important in launching the large-scale intervention trials for evaluating the chemo-
preventive potential of dietary phytochemicals, including curcumin. Curcumin
is poorly absorbed from the intestine, and its systemic bioavailability after oral
feeding is relatively low. Nonetheless, curcumin as an ingredient of turmeric has
exhibited chemopreventive and other health beneficial effects. It will be important
to determine whether curcumin will be more effective in humans as an individ-
ual agent or as part of the foodstuffs from which it is derived. Derivatization of
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curcumin as a lead compound to elevate the bioavailability as well as chemopre-
ventive and therapeutic efficacy might also be considered for future human clinical
trials.
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Abstract: Curcumin was found to be cytotoxic in nature to a wide variety of
tumor cell lines of different tissue origin. The action of curcumin is dependent
on with the cell type, the concentration of curcumin (IC50: 2–40 �g/mL), and
the time of the treatment. The major mechanism by which curcumin induces cy-
totoxicity is the induction of apoptosis. Curcumin decreased the expression of
antiapoptotic members of the Bcl-2 family and elevated the expression of p53,
Bax, procaspases 3, 8, and 9. Curcumin prevents the entry of nuclear factor �B
(NF-�B) into the nucleus there by decreasing the expression of cell cycle regula-
tory proteins and survival factors such as Bcl-2 and survivin. Curcumin arrested
the cell cycle by preventing the expression of cyclin D1, cdk-1 and cdc-25. Cur-
cumin inhibited the growth of transplantable tumors in different animal models
and increased the life span of tumor-harboring animals. Curcumin inhibits metas-
tasis of tumor cells as shown in in vitro as well as in vivo models, and the possible
mechanism is the inhibition of matrix metalloproteases. Curcumin was found to
suppress the expression of cyclooxygenase-2, vascular endothelial growth factor,
and intercellular adhesion molecule-1 and elevated the expression of antimetastatic
proteins, the tissue inhibitor of metalloproteases-2, nonmetastatic gene 23, and E-
cadherin. These results indicate that curcumin acts at various stages of tumor cell
progression.

1. INTRODUCTION

Curcumin (1, 7-bis(4-hydroxy-3-methoxypentyl)-1, 6-hepadiene-3, 5-dione), also
known as diferuloylmethane, belongs to the class of polyphenols present in the
rhizomes of turmeric (Curcuma longa L), and content of curcumin in the dried
rhizomes is around 5–10%. Turmeric is extensively used in the Indian subcon-
tinent in culinary art. Turmeric is also used as an indigenous medicine for the
treatment of various ailments for many centuries. Most of the biological activi-
ties of turmeric are due to curcumin. Curcumin is demonstrated to have a wide
spectrum of pharmacological properties. There are several reviews that describe
the different pharmacological properties of curcumin.1−4 In the present chapter,
we describe the antiproliferative and antimetastatic activity of curcumin and its
implication in cancer prevention and treatment.
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2. CYTOTOXIC AND ANTIPROLIFERATIVE ACTIVITY
OF CURCUMIN

Curcumin is found to have antiproliferative and differentiation-inducing prop-
erties in different types of cell line in vitro. The mode of action of curcumin
varies considerably with the cell type, the concentration of curcumin, and the
time of the treatment. One of the initial reports describing the cytotoxicity of
curcumin was against Dalton’s lymphoma ascites cells (DLA) in vitro, in which
curcumin (4 �g/mL) produced 50% cytotoxicity. Curcumin also inhibited the
growth of Chinese hamster ovary cells and human leukemic lymphocytes in
culture.5,6

Curcumin was found to be highly antiproliferative in nature to a variety of human
leukemic cell lines. The antiproliferative action of curcumin is best characterized
in a human chronic myelogenic leukemia cell line, namely K-562. At a concentra-
tion of 20 �g/mL, curcumin produced 50% growth arrest as determined by 3-(4, 5-
Dimethyl-2-thiazolyl)-2, 5-diphenyl-2 H tetrazolium bromide (MTT) assay.7 One
of the main mechanisms through which curcumin produces cell arrest is by in-
ducing apoptosis. Curcumin liberates cytochrome-c from mitochondria, activates
caspases and Bax, and downregulates the Bcl-2 levels. Curcumin also downregu-
lates the expression of Wilms’ tumor-1 (WT-1) gene, which is highly overexpressed
in leukemic blast cells of myeloid and lymphoid origin and serves as a marker for
leukemic detection.8 The downregulation of WT-1 by curcumin is dependent on
concentration. Moreover the expression of MEK-1, c-jun, and P210 bcr/abl were
decreased by curcumin, which ultimately retard the ras-mediated signal trans-
duction cascade, thus affecting the process of cell proliferation.9 There are reports
describing the inhibitory effect of curcumin on STATs and telomerase.10 Curcumin
also decreases the expression of glutathione-S-transferase P1-1 (GSTP1-1) in K-
562 cells, as seen by reporter gene assay. GSTP1-1 is implicated in the carcino-
genesis and the resistance of cancer cells against conventional chemotherapeutic
agents. Curcumin also elevates the levels some of the components of the apoptotic
pathway such as of pro-caspases 8 and 9 as well as poly ADP ribose polymerase.11

All of these events contribute to the antiproliferative action of curcumin in K-562
cells.

Curcumin also suppressed the growth of several T-cell leukemia cell lines in
a dose-dependent manner. Curcumin was found to induce apoptosis in these cell
lines.12 Apart from this, curcumin inhibited the action of inhibitory apoptotic pro-
teins (IAPs) and downregulated the JAK–STAT (Signal tranducers and activators
of transcription) pathway.13 Curcumin suppressed the binding between AP-1 tran-
scription factor and DNA.14 Curcumin was shown to induce cell cycle arrest by
reducing the expression of cyclin D1, cdk1, cdc-25, and survivin, thus providing
a way for the apoptotic machinery to act.15 The survival pathway mediated by the
Akt-PI3K cascade was also inhibited by curcumin.12

Curcumin was found to be highly cytotoxic toward several malignant cell lines
of colon origin. In the HCT 116 cell line, curcumin prevented the entry of nuclear
factor �B (NF-�B) into the nucleus.16. NF-�B is a sequence-specific transcription
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factor and plays a central role in the regulation many types of immune, inflam-
matory, and carcinogenic response. NF-�B activation is required for normal cell
growth; abnormal activation is seen several types of pathological process.17 The
cytotoxic potential of curcumin in the HCT 116 line is a concentration- and time-
dependent event, and curcumin either activates or deactivates several pathways
that are necessary for the normal growth of the cell. Curcumin activates Janus
kinase (JNK) and mitogen-activated protein kinase (MAPK).16 Curcumin blocked
the entry of the cell cycle from G2 to M by inhibiting the expression of cdc2/cyclin
B.18 The proapoptotic members of the Bcl-2 family, such as Bax, were activated
and antiapototic genes like Bcl-X L were inhibited by curcumin.19 It also triggers
caspase-3-mediated cell death. Curcumin was found to activate GADD153, which,
in turn, acts as an activator of apoptosis.20 Curcumin mediated the degradation
of �-catenin, thus affecting the wnt signaling pathway. The cell–cell adhesion
pathway mediated by E-cadherin was also blocked by curcumin.21 In conclu-
sion, curcumin acts as a potent growth suppressive and cytotoxic agent to the
HCT116 cell line and the action is mediated by (1) the induction of caspases-
mediated apoptosis, (2) the impairment of wnt signaling events, (3) the inhibition
of cell–cell adhesion, and (4) the blocking of the transition of the cell cycle from
G2 to M.

In the human hepatoma G2 cell line (HepG2), the cytotoxic action of curcumin
is mainly by inducing DNA damage of both nuclear and mitochondrial genomes.
The extensive mitochondrial damage might be the initial triggering signal for the
induction of apoptosis.22. Curcumin also inhibited the hepatocyte growth factor
(HGF) and its receptor c-met (HGFR).23

Curcumin in a dose- and time-dependent and fashion induces p53-mediated
apoptotic death in basal cell carcinoma lines, as evident from electrophoretic
mobility shift assay (EMSA) and antisense studies.24

Human head and neck squamous cell carcinoma cell lines (HNSCC) is a type of
epithelial cancer with a very low survival rate. In the culture, curcumin inhibited
the growth of these cells by triggering apoptosis. Curcumin decreased the eleva-
tion of Bcl-2, matrix metalloproteinase-9 (MMP-9), cyclooxygenase-2 (COX-2),
interleukin (IL)-6, and cyclin D1 and arrested the cell cycle in the G1/S phase.
HNSCC cells showed constitutive overexpression of NF-�B and treatment with
curcumin inhibited the NF-�B activation, which is the other mechanism through
which curcumin acts as a growth-inhibitory substance to HNSCC cells.25

Microarray analysis of human breast cancer carcinoma cell line (MCF-7) treated
with curcumin revealed that curcumin upregulated 22 genes and downregulated
17 genes, which are components of multiple signaling pathways that control vari-
ous biological processes. The major upregulated genes were caspase-3, caspase-
4, JNK, proliferating cell nuclear antigen (PCNA), death-associated protein-6,
growth arrest and DNA damage inducible protein, and downregulated genes such
as tumor necrosis factor (TNF)-�, TNF receptor, protein kinase B, and caspase-9
precursor.26

In several types human melanoma cell, curcumin produces cytotoxicity. In the
A375 cell line, curcumin produces cell growth arrest in a time- and concentration-
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dependent manner and the major mechanism was found to be apoptosis.27 Cur-
cumin induces apoptosis through the Fas receptor/caspase-8 pathway independent
of p53 and suppresses the antiapoptotic gene XIAP.28 Curcumin prevents the
translocation of NF-�B to the nucleus; downregulates the expression of c-myc
and inducible nitric oxide synthase (iNOS), and induces G2/M arrest. Curcumin
also inhibits the activity of an antiapoptotic gene XIAP and elevates the levels of
p53, p21, p27 (KIP1), and check point kinase 2.29

In some other cell lines, curcumin mediates its cytotoxic action via generat-
ing reactive oxygen species (ROS). Although curcumin is a potent scavenger of
free radicals, there are reports describing the free-radical-generation potential of
curcumin.30,31 In the human submandibular gland carcinoma (HSG) cell line, at
a very low concentration (>15 �M), curcumin generates ROS that cause dam-
age to mitochondria, as evident from the decrease in the mitochondrial membrane
potential and externalization of phosphatydyl serine, and the whole process even-
tually ends up in the initiation of apoptosis.32 In human gingival fibroblast also,
treatment with curcumin produces a dose-dependent generation of ROS, and this
phenomenon was attributed to the cytotoxic activity.32 The growth-suppressive
effect of curcumin on follicular lymphoma cells is also mediated by the gener-
ation of ROS. Flow cytometry and Western blot analysis revealed that curcumin
shifted the equilibrium of Bcl-2 family members in favor of apoptosis and initiated
a caspases-mediated cell death in these cell lines.33

Curcumin act as a cytotoxic agent in vivo also. Curcumin inhibited a DLA-
induced solid tumor, as seen from the reduction in tumor volume and also inhibited
ascites tumor in mice. The administration of curcumin enhanced the percentage
of survival of animals bearing ascites.5,6 When the three naturally occurring cur-
cuminoids (curcumin I, II, and III) were compared for their cytotoxic, antitumor,
and inhibition of tumor promotion activities, curcumin III was found to be more
active than curcumin I and II.34,35 Curcumin was found to decrease the Ehrlich’s
ascites carcinoma (EAC) cell number by the induction of apoptosis in the EAC
cells, as seen from flow-cytometric analysis of cell cycle phase distribution of
nuclear DNA and oligonucleosomal fragmentation. Moreover, curcumin upreg-
ulates the proapoptotic gene Bax, induces the release of cytochrome-c from the
mitochondria, and, finally, induces the activation of caspase-3.36

Curcumin inhibited spontaneous tumors developed in C57BL/6J−Min/+
(Min/+) mice. These animals bear a germ-line mutation in the Apc gene and spon-
taneously develop numerous intestinal adenomas by 15 weeks of age. Curcumin
also decreased the expression of �-catenin. Immunohistochemical analysis of the
tissues revealed that treatment with curcumin increased the mucosal CD4+ Tcells
and Bcells, suggesting that curcumin modulates lymphocyte-mediated immune
functions.37,38 Even though curcumin has been shown to inhibit transplantable
and spontaneous tumors, the major action of curcumin is in the inhibition of
carcinogenesis. Carcinogenesis is a complex process and involves the follow-
ing steps; initiation, progression, and promotion. Even though the mechanism
of action of curcumin during carcinogenesis is mainly ascribed to the inhibition
of the carcinogen metabolism and its increased excretion, it might be possible
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that curcumin also acts as an inhibitor of cell proliferation during carcinogenesis.
Curcumin had an inhibitory effect on both the initiation and promotion stages of
carcinogenesis, as seen from the 7, 12-dimethylbenz [a]anthracene (DMBA)- and
croton oil or 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced two-stage skin
carcinogenesis.39−42 The TPA-induced epidermal lipoxygenase and cyclooxyge-
nase activity was decreased by curcumin, thereby inhibiting the arachidonic acid
metabolism. Because the critical roles of prostaglandins, lipoxygenase, and COX
in the development of cancer are well established now; the inhibition of these en-
zymes by curcumin might be one of the mechanisms behind its anticarcinogenic
potential.43,44 Curcumin significantly delayed the onset of sarcoma produced by
20-methylcholanthrene in mice.39 Curcumin has been shown to inhibit B[a]P-
induced forestomach papilloma in mice.41 Curcumin decreased the elevated levels
of phase I enzymes, which are involved in the activation of B[a]P in the liver and
increased the activities of phase II enzymes, which are involved in the detoxifi-
cation of metabolites derived from B[a]P.45 Topical administration of curcumin
decreased the formation of B[a] P–DNA adducts on the mouse epidermis.40 Cur-
cumin was found to inhibit N -ethyl-N ′-nitro-N -nitrosoguanidine-induced duo-
denal tumorigenesis in C57BL/6 mice and azoxymethane (AOM)-induced colon
tumorigenesis in CF-1 mice. Histopathological analysis revealed that curcumin
inhibited the number of adenomas and adenocarcinomas of the duodenum and
colon.40 The AOM-induced colon carcinogenesis in F344 rats was significantly
inhibited by curcumin. Curcumin suppressed AOM-induced prostaglandin (PG)
and thromboxane (Tx) formation in the liver, ornithine decarboxylase and tyro-
sine protein kinase activity in the liver and colon, and the formation of aberrant
crypt foci in the colon.46 Curcumin also inhibited the N -nitrosomethylbenzylamine
(NMBA)-induced esophageal carcinogenesis in male F344 rats and the adminis-
tration of curcumin significantly decreased the expression of cell proliferation
biomarkers.47 Curcumin inhibited the hepatocarcinogenesis (HCC) in C3H/HeN
mice induced by N -nitrosodiethylamine (NDEA), as evident from reduction in
multiplicity and incidence of the development of HCC. Curcumin downregulated
the levels of p21(ras), PCNA, and CDC2 proteins that were elevated after NDEA
administration.48 The administration of curcumin has been shown to reverse the
hepatic damage and hepatocarcinogenesis caused by aflatoxins, a group of potent
mycotoxins, in ducklings, as seen by the assay of marker enzymes and histopatho-
logical evaluation.49

Curcumin also acts as an immunomodulator. Immunomodulators are agents
that modify host responses to antigens, with resultant therapeutic effects. Cur-
cumin enhanced the natural killer cell activity. Curcumin has been shown to inhibit
mitogen-stimulated cell proliferation. The phagocytic activities of macrophages
were increased by curcumin and treatment with curcumin was found to increase
the relative organ weights of lymphoid organs such as the spleen and thymus.
The administration of curcumin also elevated the total white blood cell count,
bone marrow cellularity, and levels of �-esterase-positive (a marker of maturing
monocytes) cells. Immunomodulaory action can be another mechanism behind the
cytotoxic action of curcumin.50,51
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Cytokines play an important role in immunomodulation, and curcumin is known
to alter the cytokine profiles. Curcumin also inhibited the production of pro-
inflammatory cytokines. In the human pancreatic carcinoma cell line SUIT-2, cur-
cumin inhibited the constitutive production of IL-8 in a concentration-dependent
manner and reduced the NF-�B activity significantly.52 In the keratinocyte cell line
NCTC 2544, ultraviolet B (UVB) treatment was found to significantly enhance
the expression of TNF-�, IL-6, and IL-8, both at the mRNA and protein levels.
Curcumin decreased the UVB-mediated overexpression of all of the three pro-
inflammatory cytokines in a dose-dependent manner. The UVB-induced cytokine
overexpression was accompanied by the activation of NF-�B and AP-1 transcrip-
tion factors, as assessed by electrophoretic mobility shift assays. The decrease in
the expression of cytokines by curcumin is probably mediated by the inhibition
of the activation of NF-�B and AP-1.53 Curcumin potently inhibited the produc-
tion of IL-12 in a dose-dependent manner from mouse macrophages stimulated
with lipopolysaccharide (LPS). The inhibition of IL-12 production might be a key
therapeutic strategy for modulating immunological diseases dominated by type 1
cytokine responses.54 Curcumin, at a dose of 5 �M, inhibited LPS-induced pro-
duction of TNF-� and IL-1 by a human monocytic macrophage cell line, Mono
Mac 6, and reduced the LPS-induced activation of NF-�B and the biological activ-
ity of TNF-� in a L929 fibroblast lytic assay (bioassay)55 Curcumin also inhibited
the delayed type of hypersensitivity reaction (type IV) mediated by TH1 subtypes.
TH1 cells also produce pro-inflammatory cytokines. Inhibition of type IV hyper-
sensitivity reactions by curcumin further substantiates its effect on the inhibition
of pro-inflammatory cytokines.50

3. ANTIMETASTATIC ACTIVITY OF CURCUMIN

Metastasis is the process by which cancer cells migrate from the tissue of origin
to other distant sites through blood flow to form new malignant lesions in other
organs. A successful formation of metastatic foci consists of complex and there are
several interconnected steps involved. During metastasis, the invasive tumor cells
might have to penetrate a number of cellular barriers, which include the basement
membrane.56,57 A group of proteolytic enzymes, namely matrix metalloproteinases
(MMPs), are involved in these processes. MMPs are a family of over 28 enzymes
and are Zn2+-dependent. MMPs play a key role not only in normal processes of
extracellular matrix degradation but also in pathological processes such as tissue
remodeling, cancer invasion, and metastasis. Expression of MMPs is generally
upregulated in a wide range of malignant tumors.57,58 The major component of
the basement membrane is type IV collagen, and of the several classes of MMPs,
two of them (MMP-2 and MMP-9) are the key players in the degradation of type
IV collagen. Tissue inhibitors of matrix metalloproteinases (TIMPs) are a class of
endogenously present inhibitors of MMPs.

Curcumin was found to be highly antimetastatic in nature. An early report from
our laboratory described the antimetastatic activity of curcumin against B16F-10
melanoma cells-induced pulmonary metastasis in C57BL/6 mice. Curcumin
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inhibited the formation of lung nodules induced by B16F-10 melanoma cells by
89.3% and increased the life span of animals by 143.9%. The invasive property of
B16F-10 melanoma cells across the collagen matrix was inhibited by curcumin, as
seen from the Boyden chamber assay. Zymographic analysis showed that curcumin
inhibited the activities of MMP-2 and MMP-9.59,60 Curcumin also downregulated
the activities of membrane type 1 MMP (MT1-MMP) and focal adhesion kinase
(FAK), which plays a role in the integrin-mediated signal transduction cascade
in B16F-10 melanoma cells.61 Curcumin-treated B16F-10 cells showed a marked
reduction in the expression of alpha 5 beta1 and alpha 5 beta3 integrin receptors.
Curcumin also enhanced the expression of antimetastatic proteins, TIMP-2, non-
metastatic gene 23 (Nm23), and E-cadherin, which reduced the metastatic tendency
of the melanoma cells.62

Curcumin was also found to be highly antimetastatic against prostrate DU145
cells both in vitro as well as in vivo. It reduced the metastatic ability of DU145
in a xenograft tumor model. The administration of curcumin produced a marked
decrease in the tumor volume and the levels of MMP-2 and MMP-9.63 In a hu-
man breast cancer xenograft model, the administration of curcumin markedly
decreased the metastasis to the lung and suppressed the expression of NF-�B,
MMP-9, COX-2, vascular endothelial growth factor (VEGF), and intercellular
adhesion molecule-1.64 12-O-Tetradecanoylphorbol 13-acetate (TPA) is a well-
known tumor promoter and in human breast epithelial cells (MCF10A). TPA in-
duces profound expression of COX-2 and MMP-9 and thereby elevated the levels
of PGs and the invasive and metastatic tendency of the cells. The increase in the
expression is mediated by the upregulation of the signal transducing events me-
diated by extracellular signal-regulated protein kinase (ERK1/2) and NF-�B. The
treatment of the cells with curcumin inhibits the above cascade, thereby decreas-
ing the expression of COX-2 and MMP-9, which, in turn, alters the invasive and
metastatic properties of the cells.65 Osteopontin (OPN), a type extracellular ma-
trix protein, has been shown to be overexpressed in various types of cancer. OPN
plays an important role in the ability of tumor cells to survive and metastasize to
other distant organs. OPN stimulated the expression of proMMP-2 and MT1-MMP
through a NF-�B-mediated pathway in murine B16F-10 melanoma cells. The
OPN-mediated expression of NF-�B, proMMP-2, and MT1-MMP was suppressed
by curcumin and it inhibited the OPN-mediated tumor growth in a nude mice
model.66

Curcumin reduced the metastasis of tumors in Long Evans Cinnamon (LEC)
rats, which develop tumors in the kidney and the liver due to an aberrant copper-
transporting ATPase gene. LEC rats accumulate copper in their body. Treatment
with curcumin, although failing to prevent the induction of primary tumors in the
kidney and the liver; reduced the metastasis of tumors to other distant sites.67

4. CONCLUSION

In conclusion, curcumin shows profound cytotoxic potential against tumor cells
both in vitro and in vivo. The major mechanism of cytotoxicity is the induction of
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apoptosis. Curcumin either activates or represses several signaling events that are
required for the normal cell function. Curcumin modulates these signaling path-
ways in such a way that the final events will be the execution of death in these cells.
In order to execute apoptosis, curcumin follows several routes such as inhibiting
antiapoptotic proteins, inhibiting survival pathways, arresting the cell cycle before
the mitotic phase, inhibiting the translocation of NF-�B to the nucleus, triggering
the generation of ROS, induceing cytochrome-c release from mitochondria, and
activating the apoptotic machinery. Curcumin inhibits the metastasis of tumor cells
both in vitro and in vivo and the possible mechanism is the inhibition of MMPs.
Curcumin also acts as a good immunomodulator. It augments the natural killer
cell activity and inhibits the production of cytokines. These biological activities
warrant further studies of curcumin in the treatment and prevention of human
neoplasm.
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CURCUMIN AS AN INHIBITOR
OF ANGIOGENESIS

Sulochana S. Bhandarkar and Jack L. Arbiser

Abstract: Angiogenesis, the formation of new blood vessels from host vascu-
lature, is critical for tumor growth and metastases. Curcumin, a novel small-
molecular-weight compound, has been shown to inhibit carcinogenesis in different
organs and the common link between these actions is its antiangiogenic effect.
Curcumin is a direct inhibitor of angiogenesis and also downregulates various
proangiogenic proteins like vascular endothelial growth factor and basic fibroblast
growth factor. Curcumin’s antiangiogenic effect is also in part due to its inhibitory
effect on signal transduction pathways, including those involving protein kinase C
and the transcription factors NF-�B and AP-1. Curcumin has an inhibitory effect
on two groups of proteinases involved in angiogenesis that are the members of the
matrix metalloproteinase family and the urokinase plasminogen activator family.
Cell adhesion molecules are upregulated in active angiogenesis and curcumin can
block this effect, adding further dimensions to curcumin’s antiangiogenic effect.
Curcumin shows a dose-dependent inhibition on tumor necrosis factor, a versa-
tile cytokine, which has its effect on angiogenesis through the signal transduction
pathways, expression of proangiogenic factors, and cell adhesion molecules. Cur-
cumin’s effect on the overall process of angiogenesis compounds its enormous
potential as an antiangiogenic drug.

1. INTRODUCTION

Angiogenesis, the growth of new capillary blood vessels, is crucial for tumor
growth and expansion.1,2 Tumors require a constant supply of oxygen and nutri-
ents, and diffusion from nearby capillaries can supply adequate nutrition for tumors
less than 2 mm2, but for continued growth, tumors must develop their own blood
supply.3 Tumor masses acquire the ability to produce proangiogenic factors that
stimulate the growth of host blood vessels.4 The acquisition of the proangiogenic
factors is mediated by a switch to an angiogenic phenotype that induces angio-
genesis and allows rapid expansion of tumor growth.5,6 Angiogenic tumors also
produce positive regulators of angiogenesis and mobilize angiogenic promoters
from the extracellular matrix. Antiangiogenic therapy can therefore interfere with
any or all of these mechanisms and prevent tumor cells from developing a viable
blood supply.3

185
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Figure 1. Suppression of angiogenesis pathway by curcumin.

Angiogenesis inhibitors can be divided into two classes. The first class, or direct
angiogenesis inhibitors, are relatively specific for endothelial cells and have little
effect on tumor cells. Indirect inhibitors might not have direct effects on endothelial
cells, but they downregulate the production of angiogenesis stimulators. Curcumin
has been shown by Arbiser et al.7 to be a direct inhibitor of angiogenesis and also
plays an important role in the downregulation of proangiogenic proteins (Figure 1).
Curcumin’s antiangiogenic effect is also in part due to its inhibitory effect on the
production of cytokines relevant to tumor growth such as tumor necrosis factor
and its antiapoptotic effect: its inhibitory effect on endothelial cell attachment,
motility and proliferation.

2. CURCUMIN: INHIBITIOR OF PROANGIOGENIC PROTEINS

The angiogenic switch, which is essential for angiogenesis, is mediated by an-
giogenic oncogenes,8 which upregulate the expression of proangiogenic pro-
teins such as VEGF (vascular endothelial growth factor) and bFGF (basic fi-
broblast growth factor) and reduce the expression of angiogenesis inhibitors.2,9

Among the proangiogenic proteins, VEGF and bFGF are crucial factors in patho-
logical angiogenesis.7,10 VEGF-A is considered the most important of the five
isoforms. VEGF mediates angiogenic signals through its VEGFR-1, -2, and -3
receptors, which initiate signaling events that begins with dimerization and trans-
autophosphorylation of TK residues in the receptors, which, in turn, activate
phospholipase C-γ, phospho-inositide 3 (PI3) kinase (PI3-K), GTPase activating
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protein (GAP), mitogen-activated protein kinase (MAPK), and others.10 Cui et al.
showed that VEGF secretion by U937 and Raji cells is increased by tumor necrosis
factor-� (TNF-�) treatment and suppressed by curcumin treatment.11 TNF-� aug-
ments the expression of VEGF165 and VEGF121 mRNA and curcumin reduces
the expression. Angiogenesis was tested by network formation of endothelial cells
on Matrigel and no networks or cords formed in control and curcumin groups
and there was tube formation on matrigel in the supernatants of the Raji cul-
ture group and the supernatants groups treated by the VEGF group and TNF-�
in Raji cells. The study concluded that expressions of VEGF mRNA in U937
and Raji cells were increased by TNF-� and suppressed by curcumin. VEGF
and TNF-� can induce angiogenesis, and curcumin can inhibit angiogenesis in
ECV304 cells and can, therefore, inhibit potential mechanisms controlling tumor
neovascularization.

Overexpression of VEGF and cyclooxygenase-2 (COX-2) has been demon-
strated in the HepG2 cell line (hepatocellular carcinoma cell line).12,13 COX-2
supports tumor angiogenesis both directly and indirectly, as shown by Millianta
et al.14 and directly stimulates the production of angiogenic factors from tumor
cells. Antiangiogenic activity of curcumin is further compounded by its ability to
reduce the tumor-induced overexpression of VEGF and COX-2 as, shown by Yoy-
sungnoen et al.15 HepG2 cells were inoculated onto the upper layer of the skin-fold
chamber and curcumin solutions were orally fed to the HepG2 cell-implanted nude
mice. The tumor neocapillary density (NCD) was evaluated using a digital image
analysis and demonstrated the NCD of HepG2-groups were significantly increased
on day 7 and 14, compared to the aged-matched controls and this was attenuated
by daily treatment of curcumin solution (3000 mg/kg BW). Curcumin treatment
thereby inhibits tumor angiogenesis by reduction of angiogenic biomarkers such
as VEGF and COX-2 and this inhibition also occurs with liposomal curcumin as
shown by Li et al.16through attenuation of the NF-�B mechanism.

Basic fibroblast growth factor (bFGF) is another potent angiogenic factor and
stimulates both endothelial proliferation and migration. The activity of bFGF on
endothelial cells might be in part through stimulation of protein kinase C.7,17

Curcumin and its analogues results in potent inhibition of bFGF-induced corneal
neovascularization assessed by measuring vessel length and density in the nor-
mally avascular cornea. Intraperitoneal administration of curcumin at doses up to
300 mg/kg BW did not inhibit corneal neovascularization, which might be due to
the well-known rapid metabolism of curcumin. Curcumin inhibits the proliferation
of primary endothelial cells in the presence and absence of bFGF and also inhibits
proliferation of an immortalized endothelial cell line, as shown by Arbiser et al.7

3. EFFECT ON ENDOTHELIAL CELL MIGRATION AND INVASION

The role of endothelial cell migration is a crucial step in angiogenesis. The effect
of curcumin on endothelial cell migration, attachment, and tube formation was
studied on Matrigel by Aggarwal and Natarajan.18 Curcumin had no effect on
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endothelial cell migration or attachment to either plastic of Matrigel, but caused
a dose-dependent inhibition of tube formation when the cells were treated before
plating or at the time of plating on Matrigel. Curcumin treatment inhibited angio-
genesis in a subcutaneous Matrigel plug model in mice and caused the preformed
tubes to break down.

During angiogenesis, extracellular proteolysis has been implicated in different
steps such as provisional matrix remodeling, basement membrane degradation,
cell migration, and invasion.19−21 The group of proteinases involved in extracel-
lular matrix (ECM) remodeling comprises four different families based on the
nature of the chemical group responsible for catalytic activity: the serine, cysteine,
aspartic, and metalloproteinases.22 Curcumin’s antiangiogenic property is due in
part by its inhibitory action on metalloproteinases and the serine proteinase family,
the urokinase plasminogen activator system (uPA). uPA interacts with a specific
receptor (uPAR) via the epidermal growth factor (EGF)-like domain in the uroki-
nase amino-terminal fragment (ATF).23 Its angiogenic effect is due to its effect
on the migration of endothelial cells and through the activation and/or release of
several angiogenic factors such bFGF, transforming growth factor (TGF), TNF,
hepatocyte growth factor (HGF), and VEGF.

In mouse keratinocytes, uPA expression/secretion is increased by TGF-β1. Cur-
cumin decreases the uPA levels induced by TGF-β1 in transformed keratinocytes;
inhibits the TGF-β-induced synthesis of fibronectin, an early response gene to the
growth factor; and reduces TGF-β-stimulated cell migration and invasiveness.24,25

Curcumin also inhibits EGF-stimulated urokinase production, although not sta-
tistically significant. Curcumin modulates the EGF-stimulated uPA production,
which involves the activation of the extracellular signal-regulated kinases 1/2
and JNK signaling pathways and also inhibits the phosphorylation of the EGF
receptor.26 In another study by Parra et al.,27 uPA induced by N-methyl-N-nitro-
N-nitrosoguanidine (MNNG) was inhibited by curcumin. Curcumin acted at the
(1) AP-1 binding to the uPA enhancer element, (2) uPA transcriptional activity,
and (3) uPA mRNA expression to abrogate the uPA secretion. The multifunc-
tional properties render the uPA–uPAR system an attractive target for curcumin as
antiangiogenic therapy.

The other family of proteinases involved in ECM remodeling is the metallo-
proteinases. Endothelial cell attachment to the extracellular matrix, detachment,
and migration/invasion are functions of matrix metalloproteinases (MMPs), which
have been clearly implicated in angiogenesis by Collins et al.28 and Stetler-
Stevenson et al.29Gelatinase A (MMP-2) and gelatinase B (MMP-9) are metal-
loproteinases that cause the formation of new capillaries by activating growth
factors and it was shown that curcumin inhibits the gelatinolytic activities of se-
creted 53- and 72-kDa MMP and suppresses the expression and transcription of
the 72-kDa MMP, indicating its inhibitory effect at both the transcriptional and
posttranscriptional level. Gelatinase-B expression is induced by the transcription
factor AP-1, which, in turn, is regulated by FGF-2 and this expression is inhib-
ited by curcuminoids. Using corneal implantation pellets, it has been shown that
the FGF-2 pellet was inhibited by coimplantation of curcuminoid pellet and this
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correlates with the inhibition of endogenous gelatinase-B expression. These results
provide evidence that curcuminoids inhibit expression of gelatinase-B and target
the FGF-2 angiogenic signaling pathway and that curcumin acts as an angiogenesis
inhibitor by modulating MMPs.24

4. EFFECT ON ADHESION MOLECULES

Cell adhesion molecules play a determining role in tumor metastasis and curcumin
can downregulate their expression. Adhesion molecules such as intracellular adhe-
sion molecule-1 (ICAM-1, also called CD54), vascular cell adhesion molecule-1
(VCAM-1), and endothelial leukocyte adhesion molecule-1 (ELAM-1, also called
E-selectin) are induced by TNF.30−32 ICAM-1, VCAM-1, and ELAM-1 are 95-
kDa, 110-kDa, and 115-kDa proteins, respectively, and are expressed in endothelial
cells. Treatment of endothelial cells with TNF augmented the adhesion of mono-
cytes to endothelial cells and this adhesion was due to increased expression of
ICAM-1, VCAM-1, and ELAM-1 in the endothelial cell. Curcumin completely
blocked the adhesion of monocytes32 with endothelial cells as well as the cell sur-
face expression of ICAM-1, VCAM-1, and ELAM-1. TNF-induced expression of
adhesion molecules on human umbilical vein endothelial cells has been reported
by others.31 Although curcumin inhibited adhesion even when administered 1 h
after TNF treatment, maximum inhibition occurred when added either 1 h before or
at the same time as TNF. The downregulation of adhesion molecules by curcumin
might contribute to its anticancer properties.

These properties of curcumin were further studied by Aggarwal et al.33 and
showed that curcumin also acts through the TNF-induced NF-�B-dependent path-
way. VEGF, MMP-9, and ICAM-1 are regulated by NF-�B, and Western blot anal-
ysis revealed that curcumin blocked TNF-induced VEGF, ICAM-1, and MMP-9
protein expression in a time-dependent manner. These results suggest that cur-
cumin plays a role in suppressing angiogenesis and metastasis through various
different pathways.

5. EFFECT ON APOPTOSIS OF MELANOMA CELLS

The NF-�B transcription factor plays a central role in the pathogenesis of
melanoma.34 NF-�B activity is inhibited in part under conditions in which
melanoma cells undergo apoptosis and previous reports have described NF-�B in-
hibition with exposure to higher concentrations of curcumin (60μM) for shorter pe-
riods (6 h) in melanoma cell lines.35 Therefore, the NF-�B machinery is suppressed
both by short exposures to high concentrations of curcumin and by longer expo-
sures to lower concentrations of curcumin. Liposomal curcumin was also shown
by Li and Kurzrock16 to have an inhibitory effect on NF-�B. Under apoptosis-
inducing conditions, IKK, the upstream regulator of NF-�B, is inhibited strongly
by curcumin. Partial inhibition of NF-�B but strong inhibition of IKK by cur-
cumin suggests that, in melanoma cells, signaling molecules other than IKK can
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regulate NF-�B activity. The ERK1/2-mediated pathway and an Akt-mediated
pathway contribute to NF-�B activation independent of IKK36,37 and play a role
in melanoma cell proliferation or survival,38−40 but under apoptosis-inducing con-
ditions, neither the B-Raf/ERK pathway nor the Akt pathway was inhibited by
curcumin. This shows that curcumin’s proapoptotic acivity is associated with in-
hibition of the IKK/NF-�B transcriptional machinery, but not the B-Raf/ERK
or Akt pathways, which implies that suppression of the viability of melanoma
cells can occur despite the continued activation of the B-Raf/MEK/ERK and Akt
pathways.34 Interleukin (IL)-8, a pleiotropic chemokine that previously has been
shown by Hoffmann et al.41 to play a role in the promotion of malignant cell pro-
liferation as well as in angiogenesis, is regulated in part by NF-�B, and although
curcumin can cause NF-�B inhibition, it has surprisingly increased IL-8 levels in
the high-secreting IL-8 melanoma cell lines. Therefore, it appears that IL-8 secre-
tion is independent of curcumin-induced NF-�B inhibition and this might be due
to IL-8 expression is regulated transcriptionally by AP-1 and C/EBP as well as
NF-�B.42 Curcumin also represses TNF-induced NF-�B-dependent antiapoptotic
gene products. NF-�B regulates the expression of antiapoptotic proteins IAP1/2,
XIAP, Bcl-2, Bcl-xL, Bfl-1/A1, and FLIP induced by TNF. Also, curcumin was
shown to block the expression of these TNF-induced antiapoptotic proteins as
well.33

6. EFFECT ON CELL MOTILITY AND PROLIFERATION

Cell motility is essential for a wide range of cellular activities, including
angiogenesis.24 In the highly invasive SK-Hep-1 cell line of human hepatocel-
lular carcinoma (HCC), an in vitro assay, without or with the Matrigel ma-
trix, was used to quantitate cellular migration and invasion. Curcumin, at 10
μM, inhibited cellular migration and invasion of SK-Hep-1. This cell line also
showed a higher secretion of MMP-9, which was inhibited by curcumin in a dose-
dependent fashion. Curcumin, therefore, has a significant anti-invasion activity in
SK-Hep-1 cells, and this effect is associated with its inhibitory action on MMP-9
secretion.43

Ras has been implicated as a direct regulator of endothelial cell differentia-
tion and microinjection of oncogenic H-Ras proteins into endothelial cells stim-
ulates random motility.44,45 Ras functions upstream of MAPK families, which
include extracellular-signal regulated kinase (ERK) and c-Jun N-terminal kinase
(JNK). JNK’s role in endothelial cell motility has been proven by using a sta-
ble transfectant (DAR-ECV) of ECV304 endothelial cells expressing previously
established oncogenic H-Ras. DAR-ECV cells showed a twofold increase in an-
giogenic potential compared to ECV-304 cells. Pretreatment with curcumin de-
creased the basal motility of DAR-ECV cells in a dose-dependent manner and
suppressed the motility stimulated by known JNK agonists such as TNF-� and
anisomycin. These results suggest that curcumin has an inhibitory effect on the
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Ras-SEK-1-JNK pathway, which regulates the motility of endothelial cells during
angiogenesis.45

7. EFFECT ON CYCLIN D1

Cyclin D1 is a proto-oncogene that is overexpressed as a result of the amplification
or translocation in many cancers, including the breast, esophagus, lung, liver, head
and neck, colon, and prostate.24 Curcumin treatment of prostate cancer, breast can-
cer, and multiple myeloma cell lines correlates with the downregulation of cyclin
D1 protein.46,47 The suppression of cyclin D1 by curcumin led to inhibition of
CDK-4-mediated phosphorylation of retinoblastoma protein. Curcumin-induced
downregulation of cyclin D1 was inhibited by lactacystin, an inhibitor of 26S pro-
teosome, suggesting that curcumin represses cyclin D1 expression by promoting
proteolysis. Curcumin also downregulated mRNA expression and inhibited the ac-
tivity of cyclin D1 promoter-dependent reporter gene expression. Thus, curcumin
downregulates cylclin D1 expression through the activation of both transcriptional
and posttranscriptional mechanisms, and this might contribute to the antiprolifer-
ative effects of curcumin.24

The precise molecular target of curcumin remains unknown. Curcumin and cur-
cumin derivatives are an attractive pharmacophore because curcumin affects many
targets, making resistance to curcumin less likely. A novel target of curcumin is
the cop9 signalosome, which is a multiunit protein (at least eight units to date) that
is involved in the proteolytic degradation of p53. Mdm2, the natural antagonist of
p53, and an ubiquitin ligase, targets p53 for cop9/26S proteasomal-mediated degra-
dation of p53. Proteasome inhibition has become an attractive strategy for tumor
therapy, with velcade, and an inhibitor of the 26S proteasome, becoming first-line
therapy for multiple myeloma. Curcumin has been found to inhibit the function of
the cop9 signalosome. Inhibition of the cop9 signalosome has far-reaching effects
on the angiogenic switch. p53 levels are upregulated, and p53 has been shown to
be a negative regulator of VEGF. Inhibition of the cop9 signalosome also leads to
downregulation of the angiogenic transcription factors Id1 and Id3. Mice deficient
in Id1 and Id3 have a decreased ability to accept tumor xenografts because these
mice have a decreased number of bone-marrow-derived endothelial stem cells.

The cop9 signalosome is regulated by several proteins, including casein ki-
nase 2 and inositol 1,3,4-trisphosphate 5/6-kinase (5/6-kinase). Inositol 1,3,4-
trisphosphate 5/6-kinase (5/6-kinase) phosphorylates many of the same substrates,
such as Ikb, as does cop9, and it is possible that the 5/6 kinase provides some of
the specificity of the cop9 signalosome and, like the cop9 signalosome, is inhibited
by curcumin. Intriguingly, inositol 1,3,4-trisphosphate 5/6-kinase prevents apop-
tosis due to TNF-�, which might thus allow survival and hypertrophy of tissue
under inflammatory conditions, a phenomenon that can be readily appreciated in
inflammatory conditions such as psoriasis, rheumatoid arthritis, and inflamma-
tory bowel disease.48 Topical curcumin has demonstrated efficacy in psoriasis, a
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TNF-mediated inflammatory disorder, as well as cutaneous metastases of internal
tumors.

8. SUMMARY

Curcumin affects the overall process of angiogenesis by its downregulation of
transcription factors such as NF-�B, proangiogenic factors such as VEGF, bFGF,
and COX-2; inhibition of cell motility, cellular adhesion molecules, endothelial cell
migration, invasion, and extracellular proteolysis. It also has antiproliferative and
proapoptotic effects on tumor cells. All of these studies and the lack of toxicity of
curcumin point toward curcumin’s enormous potential as an antiangiogenic drug.
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NEUROPROTECTIVE EFFECTS OF CURCUMIN

Greg M. Cole, Bruce Teter, and Sally A. Frautschy

Abstract: Neurodegenerative diseases result in the loss of functional neurons and
synapses. Although future stem cell therapies offer some hope, current treatments
for most of these diseases are less than adequate and our best hope is to prevent these
devastating diseases. Neuroprotective approaches work best prior to the initiation
of damage, suggesting that some safe and effective prophylaxis would be highly
desirable. Curcumin has an outstanding safety profile and a number of pleiotropic
actions with potential for neuroprotective efficacy, including anti-inflammatory,
antioxidant, and anti-protein-aggregate activities. These can be achieved at sub-
micromolar levels. Curcumin’s dose–response curves are strongly dose dependent
and often biphasic so that in vitro data need to be cautiously interpreted; many
effects might not be achievable in target tissues in vivo with oral dosing. However,
despite concerns about poor oral bioavailability, curcumin has at least 10 known
neuroprotective actions and many of these might be realized in vivo. Indeed, accu-
mulating cell culture and animal model data show that dietary curcumin is a strong
candidate for use in the prevention or treatment of major disabling age-related
neurodegenerative diseases like Alzheimer’s, Parkinson’s, and stroke. Promising
results have already led to ongoing pilot clinical trials.

1. INTRODUCTION

Many neurodegenerative diseases of aging involve the accumulation of protein ag-
gregates, oxidative damage, and inflammation. Curcumin has multiple desirable
characteristics for a neuroprotective drug, including anti-inflammatory, antioxi-
dant, and anti-protein-aggregate activities that we have previously reviewed.1,2

Because of its pluripotency, oral safety, long history of use, and inexpensive cost,
curcumin has great potential for the prevention of multiple neurological conditions
for which current therapeutics are less than optimal. Examples reviewed include
Alzheimer’s, Parkinson’s, Huntingtin’s, head trauma, aging, and stroke. Despite
the widely held belief that curcumin’s poor systemic bioavailability precludes ther-
apeutic utility outside of the colon,3,4 there is ample animal model evidence for
very effective neuroprotection in a variety of disease models. Conversely, many of
curcumin’s reported toxic effects are achieved only at doses that will not be reached
in systemic tissues with oral dosing. One of the key obstacles with curcumin, as
with other compounds lacking adequate patent protection, is that there has been
no push for development from the private sector. What is needed is preclinical and
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clinical development support from either government or philanthropic support.
One example of this might be support from the US NIH Aging and Complemen-
tary and Alternative Medicine Institutes. In the following pages, we review some of
the literature supporting the neuroprotective utility for curcumin, beginning with
Alzheimer’s disease.

2. BIPHASIC OR DOSE-DEPENDENT RESPONSES TO CURCUMIN

As reviewed elsewhere in this volume, curcumin is both a potent antioxidant and
anti-inflammatory agent and has a long history of use, both as a food preser-
vative and in traditional Indian and Asian medicine, often as an oral or topical
extract for conditions where Western medicine might employ a nonsteroidal anti-
inflammatory drug and/or vitamin E. Curcumin’s activity and structure–function
relation as a radical scavenger, metal chelator, and antioxidant has received con-
siderable attention . It clearly reduces mRNA production for pro-inflammatory
mediators, including cytokines, inducible nitric oxide synthase (iNOS), and cy-
clooxygenase (COX)-2.5,6 Apparently, this is due to limiting activator protein
(AP)-1 and nuclear factor (NF)-�B-mediated gene transcription7,8; however, the
direct molecular targets at low doses are not entirely clear. Curcumin inhibition
of AP-1 and NF-�B-mediated transcription occurs at relatively low (<100 nM)
doses and might be due to inhibition of histone acetylase (HAT) or activation
of histone deacetylase (HDAC) activity.9 At high doses (>3 �M) that are rel-
evant to colon cancer but unlikely achievable with oral delivery in plasma and
tissues outside of the gut, curcumin can act as an alkylating agent,10 a phase II
enzyme inducer,11 and stimulate antioxidant response element-mediated protec-
tive gene expression.12 Some of the effects of curcumin at high in vitro doses
are clearly toxic and undesirable beyond its use in cancer therapy. For example,
inhibition of proteasomal function and potentiation of huntingtin toxicity can be
achieved with dosing >3 �M in vitro.13 Proteasomal inhibition would clearly be
undesirable in neurodegenerative disorders, which often have protein aggregate
accumulation, whereas proteasome stimulation would be protective. However, the
dose dependence of curcumin’s effects on the proteasome is biphasic with doses
up to 1 �M (e.g., achievable in vivo) causing 46% increased proteasomal activity
and higher doses leading to proteasome inhibition.14 Proteasome activation would
presumably be a useful response in neurodegenerative diseases with accumulating
aggregates.

As discussed below, many protective effects, including anti-amyloid, antiox-
idant, and anti-inflammatory activities, can be obtained with doses at or below
1 �M. For example, low-nanomolar doses can inhibit histone acetyltransferase15

and JNK-stimulated AP-1 activity, suggesting that these functions are likely central
to many in vivo effects,16,17 including central nervous system (CNS) neuroprotec-
tive activity.18 Also as reviewed below, low-dose curcumin can limit the aggrega-
tion of multiple forms of amyloid-forming peptides that lead to intraneuronal or
extracellular aggregates in a variety of neurodegenerative diseases.
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3. ALZHEIMER’S DISEASE

Alzheimer’s (AD) is the most prevalent form of age-related dementia, with AD
risk doubling every 5 years after age 65. Thus, AD risk for persons living into
their eighties rises to 20–40% depending on the population. There are millions of
AD patients in the United States today and this number is expected to double and
double again with the demographic shift toward a more aged population, leading
to over 10 million expected cases, unless preventive measures can be achieved.19

The classical pathology of AD involves neurodegeneration and the accumulation
of protein aggregates to form two major lesions: neurofibrillary tangles (NFTs)
and senile plaques. The senile plaques consist of abnormal neuronal proceses
(“dystrophic neurites”) and activated glial cells surrounding and penetrating a
more central proteinaceous deposit of amyloid fibrils made up of �-amyloid (A�)
peptide. The A� peptide is typically 40–42 amino acids in length and is derived
from a larger single membrane spanning “amyloid precursor protein” (APP) by
endoproteolytic cleavage. The N-terminus is exoplasmic and cut by a rate-limiting
�-secretase enzyme (BACE 1). The final secreted amyloid peptide product is
amphipathic with the 12–14-amino-acid C-terminal hydrophobic amino acid tail
cut from within the membrane by a “� -secretase” enzyme complex. A� peptide
is, thus, normally rapidly produced and equally rapidly degraded. However, at
elevated concentrations, it has a strong tendency to self-aggregate to form poorly
degradable, �-pleated sheet-rich oligomers, protofilaments, and, finally, filaments
that have the histochemical staining properties of amyloid. These A� filaments
deposited in plaques can be visualized with the amyloid dyes thioflavin S and
Congo red. The 2-amino-acid longer A�1–42, typically a minor species, forms
aggregates more than a thousand times faster than A�1–40. A large number of
different autosomal-dominant AD mutations have been found in APP and the
“presenilin” component of the � -secretase complex and all of these cause more
A�1–42 to be made, resulting in early-onset AD. Thus, the genetics of AD clearly
implicate an etiopathogenic role for increased A�1–42. Further, because mutations
in A� itself can also increase the aggregation rate and cause AD, most researchers
are convinced that A� aggregates initiate pathogenesis.20,21 Transgenic mouse
models that overexpress human mutant APP develop neuritic amyloid plaques
that closely resemble the senile plaques in AD patients,22,23 but although they
show hyperphosphorylated tau, they do not develop neurofibrillary tangles. More
recently, tangle pathology has been achieved by expressing high levels of mutant
human tau or wild-type human tau on a mouse tau knockout background, but
curcumin effects have not been reported on in these models.

3.1. Amyloid Reduction

We initially tested curcumin in a mutant APP transgenic plaque-forming animal
model and found that it not only reduced indices of oxidative damage and inflam-
mation, but it also reduced amyloid plaques and accumulated A�.24 We also found
that curcmin reduced oxidative damage, inflammation, and cognitive deficits in
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rats receiving CNS infusions of toxic A�.25 Tests on cultured HEK or 293 cells
transfected with human APP and producing measurable A� failed to show any
evidence of secretase inhibition and reduced A� production. However, because
curcumin structurally resembles the amyloid-binding dye Congo red, we tested
the ability of curcumin to bind amyloid and inhibit A� aggregation and found that
it dose-dependently blocked A� aggregation at submicromolar concentrations.1

A more extensive report on these observations showed that curcumin not only
stained plaques and inhibited A� aggregation and fibril formation in vitro; but
curcumin also inhibited the formation of A� oligomers and their toxicity and
readily entered the brain to label plaques in vivo.26 More significantly, we found
that curcumin appeared to reduce preformed amyloid in vitro and to markedly
suppress A� accumulation and plaques in vivo even when the drug treatment was
begun when the mice were old enough to already have well-established amyloid
burdens at levels similar to AD patients. This efficacy in late stages of amyloid
deposition is in marked contrast to other antioxidants and other treatments that
fail to reduce amyloid in the same Tg2576 model mice when treatments are begun
late.27,28 Curcumin’s in vivo capacity to reduce �-amyloid accumulation might
derive from multiple activities beyond this first mechanism: (1) direct binding
inhibition of A� aggregate formation. Amyloid formation has been shown to be
limited by five additional mechanisms: (2) metal chelation,29 (3) the antioxidant vi-
tamin E,28 (4) lowering cholesterol30,31 and reducing expression of the �-secretase
enzyme BACE1 by reducing its induction by both (5) pro-inflammatory cytokines
[interleukin (IL)-1� and tumor necrosis factor (TNF)-�)32 and (6) the lipid perox-
idation product 4 hydroxynonenal acting on JNK-mediated transcription.33 Cur-
cumin might work to limit amyloid production by direct inhibition of aggregates
and control of all five of these pathways, including chelating metals,34 limiting
oxidative damage better than vitamin E,35,36 lowering cholesterol,37,38 reducing
pro-inflammatory cytokines,24,38,39 lipid peroxidation,25and protein oxidation24

and JNK-mediated transcription39 to control BACE1 expression. For example,
treatment with curcumin reduced BACE1 mRNA in cultured primary rat neurons
and in aging Tg2576 (Morihara, Ma, and Cole, unpublished data). Iron chela-
tion is another activity that also has in vivo support.40 Further, although it is not
clear whether it can do so in vivo because the dosing seems to require >3 �M,11

curcumin can induce phase II enzymes in astrocytes and heme oxygenase-1 in neu-
rons in vitro.41 Two additional mechanisms might contribute to amyloid reduction:
(7) Amyloid aggregates can be cleared via phagocytosis by brain macrophages,
curcumin at dosing as low as the 100–500-nM range can stimulate microglial
phagocytosis, and clearance of amyloid in vitro and curcumin appears to promote
phagocytosis in vivo (Yang, et al., unpublished data). (8) Finally, one of the ma-
jor defenses against intraneuronal protein aggregate formation is the induction of
heat shock proteins (HSPs) that function as molecular chaperones to block protein
aggregate formation.42 Increased HSP expression from transgenes clearly protects
from neurotoxicity arising from intraneuronal protein aggregates.43 Like several
other nonsteroidal anti-inflammatory drugs (NSAIDs), curcumin can potentiate the
production of HSPs in response to cellular stress in vitro and in vivo44. Curcumin
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potentiates the in vitro and in vivo HSP response to infused (in vivo) or applied
soluble A� aggregates on neurons in culture (Frautschy et al., unpublished results).
Thus, there are eight known ways for curcumin to limit �-amyloid accumulation
and protect against amyloid peptide-mediated toxicity.

A very recent report using direct in vivo multiphoton microscopy to repeatedly
observe the same amyloid plaques in AD model mice showed the ability of cur-
cumin to enter the brain, bind plaques, and reduce amyloid plaque size by 30%, and
to significantly reduce soluble A� in vivo.45 These data encourage the continued
development of curcumin as an anti-amyloid agent and efforts to understand its
mechanisms of action.

3.2. Inhibition of Amyloid Toxicity

The mechanisms by which �-amyloid peptide aggregates act to cause AD re-
main unclear, but they appear to include induction of oxidative damage46,47

as well as inflammation4,49 and neurotoxicity, the latter mediated through JNK
activation.50,51 Thus, curcumin might act not only by limiting amyloid aggregates
but also by suppressing their pro-oxidant, pro-inflammatory, and JNK-mediated
toxic amyloid aggregate effects. Further, high doses of curcumin can also inhibit
amyloid toxicity in vitro and neurotoxic p75 neurotrophin receptor signaling.52

AD pathogenesis also involves the accumulation of other protein aggregates, in-
cluding intraneuronal tau amyloid as NFTs and �-synuclein aggregates (discussed
below), which curcumin could potentially suppress. Tau dimerization is initiated
by oxidative damage53 and at least some tau kinases, notably mitogen-activated
protein kinase (MAPK), are activated by oxidative damage.54 Further, tau pathol-
ogy appears to induce oxidative stress and mitochondrial dysfunction, suggest-
ing antioxidants might protect.55 Finally, like all amyloids, tau aggregates con-
tain a core �-sheet domain that plays a central role in aggregation and might
be blocked by natural and synthetic amyloid-binding dyes, potentially including
curcumin.

In summary, curcumin’s known activities target at least eight anti-amyloid mech-
anisms relevant to AD pathogenesis, suggesting that it might be useful in preventing
or treating AD. Although there is no epidemiology isolating curcumin intake as a
variable, age-adjusted AD prevalence and incidence in an area with high curcumin
intake (rural India) was surprisingly low compared to the United States and other
Western countries.56 Collectively, available evidence warrants the exploration of
curcumin in clinical trials for AD treatment and prevention; a pilot trial in early AD
evaluating dosing and efficacy with clinical end points and biomarkers is currently
underway at UCLA’s Alzheimer’s Disease Center.2

4. PARKINSON’S DISEASE

Another prevalent, age-related neurodegenerative condition, the movement dis-
order Parkinson’s disease (PD), involves relatively selective vulnerability to the
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neuromelanin-bearing dopaminergic neurons of the pars compacta region of the
substantia nigra and their terminals in the striatum. In Western populations, sig-
nificant age-related loss of pigmented neuromelanin-bearing neurons commonly
occurs in the this region, but symptoms of PD do not manifest until 60–80% neuron
loss.

4.1. Oxidative Damage and Inflammation

Of the age-related neurodegenerative conditions, PD has long had the strongest
associations with elevated oxidative damage, including that associated with auto-
oxidative dopamine breakdown and related semiquinone metabolism to superox-
ide, as well as monoamine oxidase production of hydrogen peroxide.57 Low doses
of curcumin can inhibit dopamine toxicity in vivo.18 More recently, mitochondrial
electron transport defects at complex I and increased free-radical production have
been identified in PD brain and peripheral sites, whereas oxidative damage to
vulnerable dopaminergic neurons and a PD syndrome can be produced in human
and animal models by the MPTP toxin (reviewed in Ref. 58). MPTP toxicity is
mediated by MPP+, and curcumin can directly inhibit MPP+ toxicity to the PC12
neuronal cell line.16

Further, support for a free-radical role in PD comes from evidence that selective
neuron loss, aggregation of �-synuclein, and clinical symptoms resembling PD
can be produced by the pesticide toxin rotenone that targets mitochondrial electron
transport and causes increased free-radical production.59 Although not as closely
associated with inflammation as AD, recent studies have shown chronic microglial
activation in PD and that a single pro-inflammatory stimulus results in sustained
microglial activation around dopaminergic neurons that can contribute to their loss
in animal models.60 These data provide some rationale for protection from PD with
the polyphenolic antioxidant/ NSAID curcumin.

4.2. Synuclein Aggregation

Although rare, some genetic cases of PD are linked to mutations in a synaptic pro-
tein called �-synuclein that was originally identified from smaller peptides isolated
in amyloid-containing fractions of AD brains.61 The �-synuclein protein is another
aggregating, fibril-forming protein that is a major component of the Lewy body
lesions characteristic of PD as well as certain cases of AD and several other neu-
rodegenerative conditions. Synuclein aggregates show evidence of nitration-based
oxidative damage62 that might play a critical role in aggregate formation.63 Recent
studies have shown that curcumin can reduce the aggregation of �-synuclein,64

and administration to cultured cells with �-synuclein aggregate formation results
in fewer aggregates.65
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5. OTHER NEURODEGENERATIVE DISEASES WITH PROTEIN
MISFOLDING

5.1. Mad Cow Disease

“Mad cow” involves the aggregation of infectious prion proteins that form protease-
resistant toxic species with a �-sheet core. Low doses (IC50 ∼ 10 nM) of curcumin
effectively inhibited protease-resistant prion protein aggregation and accumulation
in neuroblastoma cells in vitro, but an initial trial to delay scrapie pathogenesis in
vivo was unsuccessful.66 The reasons for the failure in the animal model remain
unclear and should be further explored, but one likely explanation would be the
failure to obtain adequate curcumin blood levels with oral administration.

5.2. Huntington’s Disease and Other CAG Repeat Diseases

These diseases have extended C-terminal CAG repeats coding for polyglutamine,
which causes protein aggregates to form at a rate determined by the repeat length.
Because curcumin resembles Congo red and its chrysamine G homologue Congo
red, its anti-amyloid-binding protein properties are generic and should extend to
other protein-misfolding diseases with a �-pleated sheet, including the polyglu-
tamine dieases like Huntington’s disease (HD).67 Evidence for a protective effect
in an HD transgenic model has been recently obtained by a UCLA investigator,68

leading to a pilot curcumin clinical trial with HD patients at UCLA. Marie-Charcot
Tooth disorder is another example of a similar protein-misfolding neuropathy and
curcumin protects against this disorder in vitro69 ( and in vivo in a transgenic model
(Lupski, personal communication).

5.3. Tauopathies

Aggregates of the microtubule-associated protein tau are present in neurofibrillary
tangles in AD and tau mutations have been genetically linked to neurodegenera-
tion in some forms of frontotemporal dementia (FTD), which can be modeled in
FTD mutant tau transgenic mice.70 There is currently intense interest in the neuro-
toxicity of soluble tau aggregates because of a recent report using a doxycycline-
regulated tau transgenic that showed that turning off tau transgene expression in
older tangle-bearing mice fails to reduce tangles, but markedly protects against
neurodegeneration.71 Curcumin might protect against the formation of these solu-
ble tau aggregates because the initial tau dimerization step can be driven by oxida-
tive damage, notably lipid peroxidation53 or redox-regulated disulfides.72 Further,
as discussed earlier, the induction of HSPs should also protect against aggregates.
Although an abstract report claimed that curcumin can reduce tau pathology in one
of the tau transgenic models, as far as we are aware there are no peer-reviewed pub-
lications on this topic. Nevertheless, in a model of CNS A� infusion into genomic
wild-type tau transgenic mice, dietary curcumin appeared to limit A� infusion
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and tau transgene-related cognitive deficits (Frautschy et al., unpublished data).
Based on this suggestive data, ongoing studies are further examining the impact
of curcumin on tau pathology.

6. CEREBROVASCULAR DISEASE AND STROKE

Cerebrovascular and cardiovascular disease risk factors overlap AD risk factors and
many dementia cases are mixed. Therefore, if confirmed in larger trials, curcumin’s
reported ability to lower total cholesterol and raise high-density lipoprotein (HDL)
cholesterol in humans should be relevant to dementia prevention.73 To provide an-
other example, homocysteinuria appears to be an important risk factor for both AD
and cardiovascular disease.74 Curcumin effectively protects against homocysteine-
induced endothelial damage.75 Free-radical damage and inflammation contribute
to ischemic damage after a stroke. Prior and even delayed curcumin treatment
reduces this damage. For example, curcumin injections i.p. reduced damage to
vulnerable hippocampal CA1 and preserved antioxidant enzymes and glutathione,
even when initiated 3 and 24 h after ischemia76 Further, curcumin has been shown
to protect in a standard middle cerebral artery occlusion rat model for stroke.77.

7. HEAD TRAUMA

Head trauma is a stringent test of neuroprotective activity and a validated en-
vironmental risk factor for AD.78,79 ;epeated head trauma is also the cause of
boxer’s dementia (dementia pugilistica), which involves both tangles80 and A�42
deposition.81 ApoE4, the major genetic risk factor for AD and brain trauma, syn-
ergistically increases the risk of AD and A� deposition.82 Further, in an APP
transgenic animal model for AD, brain trauma and the APP transgene act syner-
gistically to increase both cognitive deficits and neurodegeneration.83 Thus, pro-
tection against head trauma by curcumin, as shown in an animal model,84 is another
mechanism for potential AD prevention by curcumin.

8. ALCOHOL-INDUCED NEUROTOXICITY

Ethanol-induced toxicity involves lipid peroxidation, inflammation, and other
well-established curcumin targets. Not surprisingly, curcumin can effectively pro-
tect against ethanol-induced oxidative damage, inflammation, and resulting liver
damage6 and ethanol-induced CNS neurodegeneration in vivo.85 These reports
show that despite claims of poor bioavailability, properly delivered , curcumin or
its metabolites are effective in protecting tissues from oxidative damage outside
of the gastrointestinal tract.
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9. THE AGING BRAIN

Curcumin is one of the few drugs likely to slow aging rates, as evidenced by the abil-
ity of its major metabolite, tetrahydrocurcumin, to increase the life span in middle-
aged mice.86 Evidence for an impact on aging brain has been recently produced in
aging rats, where chronic curcumin treatment was shown to result in reduced lipid
peroxidation and accumulation of the age-pigment lipofuscin and to increase the
antioxidant defense enzymes glutathione peroxidase and superoxide dismutase as
well as sodium potassium ATPase, which normally declines.87 Curcumin resem-
bles another biphenolic antioxidant, resveratrol, that is believed to have antiaging
activity via induction of sirtuins and HDAC activtion, so curcumin’s ability to
limit HAT and promote neurogenesis15 might also impact longevity, promoting
a sirtuin-like effect on HAT-regulated transcription. These results are intriguing,
consistent with other measures of normal brain aging, including protection against
CNS oxidative damage, and support the hypothesis that curcumin might slow nor-
mal aging of the brain and presumably other tissues in which age-related oxidative
damage is an issue.

10. STEM CELL NEURODIFFERENTIATION AND ADULT
NEUROGENESIS

Although still controversial, adult neurogenesis appears to be both modulatable
and therapeutically significant.88 It would be of obvious utility to functionally re-
place lost neurons in neurodegenerative diseases. Curcumin has been reported to
stimulate neuronal differentiation of stem cells in vitro and adult neurogenesis in
vivo, notably in the striatum.15 Although this is a single report that needs confirma-
tion and extension, it shows additional potential for curcumin in conditions with
CNS injury and neurodegeneration.

11. OBSTACLES FACING THE CLINICAL DEVELOPMENT
OF CURCUMIN

As summarized in Table 1, curcumin has at least ten neuroprotective effects and it
can apparently act at nanomolar or even picomolar doses. For example, curcumin’s
ki for amyloid binding is 200 picomolar.89

Curcumin is neuroprotective in multiple animal models and has great potential
for the prevention or treatment of age-related dementia arising from AD or car-
diovascular disease, Parkinson’s disease, other diseases of aging, and aspects of
aging itself. Like any drug, it needs preclinical development to establish dosing,
formulation, pharmacokinetics, therapeutic windows, and potential toxicity. Nor-
mally, these issues are the concern of drug companies, but in the absence of patent
protection, this is unlikely to occur. Further, large clinical trials will be required
to establish efficacy for any of curcumin’s many disease indications. Primary
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Table 1. Ten neuroprotective effects of curcumin.

LIMITS MECHANISM

Pro-inflammatory cytokine induction Inhibition of AP-1, NF-�B, HAT, HDAC stimulation?

Reactive oxygen species (ROS) Scavenger, metal/Fe chelator, induces AO defense

enzymes

A� production Suppresses cholesterol, BACE1 induction

Amyloid aggregates Congo red mimetic/aggregate inhibitor

Misfolded protein accumulation Potentiates HSPS

Neurotoxicity JNK pathway

Excitotoxicity COX-2 induction via AP-1, NF-�B

Toxicity Phase II inducer, HO-1

Particulate toxins Increases phagocyte clearance

Neuron loss Stimulates neurogenesis

Note: References are reviewed in the text.

prevention of age-related neurodegeneration would be the eventual goal, but this
is even less likely to ever be tested in clinical trials. Government or philanthropic
support will likely be required to realize curcumin’s potential for ameliorating
age-related neurodegeneration and other debilitating conditions with enormous
personal and economic costs.

12. CONCLUSION: RATIONALE FOR MULTITARGET APPROACH
TO AGE-RELATED DISEASE

Most chronic age-related conditions are not caused by foreign pathogens, but the
failure to repair or resist chronic age-related lesions arising from naturally oc-
curring damage or imbalances. They involve prolonged multistep cascades that
induce slow degeneration that would best be dealt with by long-term prevention
with very inexpensive and safe interventions rather than new drugs with unknown
or unacceptable costs and side-effect profiles. This is a huge issue because in the
absence of a foreign pathogen, most of the targets will involve essential phys-
iological pathways, where major inhibition will predictably lead to sideeffects.
With modest efficacy from multiple beneficial activities, a pleiotropic drug like
curcumin can be efficacious without side effects. Further, the original cause might
be superseded by subsequent steps in the cascade and no single pathway might
be responsible for ongoing degeneration. For example, most of these diseases in-
volve inflammation and oxidative damage, which are known curcumin targets.
Atherosclerosis and stroke, colon cancer, and Alzheimer’s are prime examples.
Furthermore, Alzheimer’s and other neurodegenerative diseases of aging typi-
cally involve amyloidogenic protein misfolding and aggregation that can be di-
rectly combated by curcumin’s anti-amyloid activity and possibly by potentiating
HSP synthesis. Curcumin’s favorable effects on cholesterol metabolism are also
likely to reduce vascular disease and mixed dementia that cause dementia and fre-
quently overlap AD. There are other likely beneficial effects. Finally, stimulation
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of neurogenesis might facilitate functional replacement of lost neurons, and cur-
cumin has been reported to stimulate adult neurogenesis. With so much potential,
the argument for curcumin’s further development for neurodegenerative and other
diseases of aging is compelling.
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62. K. Uéda, H. Fukushima, E. Masliah, Y. Xia, A. Iwai, D. Otero, J. Kondo, Y. Ihara, and

T. Saitoh, Molecular cloning of a novel amyloid component in Alzheimer’s disease.

Proc Natl Acad Sci USA 90, 11,282–11,286 (1993).

63. B. I. Giasson, J. E. Duda, I. V. MurrayQ. Chen, J. M. Souza, H. I. Hurtig, H. Ischiropou-

los, J. Q. Trojanowski, and V. M. Lee, Oxidative damage linked to neurodegeneration

by selective alpha-synuclein nitration in synucleinopathy lesions. Science 290, 985–

989 (2000).

64. T. Takahashi, H. Yamashita, T. Nakamura, Y. Nagano, and S. Nakamura, Tyrosine

125 of alpha-synuclein plays a critical role for dimerization following nitrative stress.

Brain Res 938, 73–80 (2002).

65. K. Onoand M. Yamada, Antioxidant compounds have potent anti-fibrillogenic and

fibril-destabilizing effects for alpha-synuclein fibrils in vitro. J Neurochem 97, 105–

115 (2006).

66. N. Pandey and J. E. Galvin, Curcumin prevents aggregation of alpha-synuclein. Soc
Neurosci 31, abs 1007.9 (2005).

67. B. Caughey, L. D. Raymond, G. J. Raymond, L. Maxson, J. Silveira, and G. S. Baron,

Inhibition of protease-resistant prion protein accumulation in vitro by curcumin. J
Virol 77, 5499–5502 (2003).

68. N. F. Bence, R. R. Sampat, and R. R. Kopito, Impairment of the ubiquitin-proteasome

system by protein aggregation. Science 292, 1552–1555 (2001).

69. C. Zhu, M. A. Hickey, K. Gallant, M. S. Levine, M. F. Chesselet. Differential effects of

curcumin and coenzyme Q10 treatment on huntingtin aggregate in CAG 140 knock-in

mouse model of Huntington’s disease Soc. Neurosci 32, Abs 472.8 (2006).

70. M. Khajavi, K. Inoue, W. Wiszniewski, T. Ohyama, G. J. Snipes, and J. R. Lupski, Cur-

cumin treatment abrogates endoplasmic reticulum retention and aggregation-induced

apoptosis associated with neuropathy-causing myelin protein zero-truncating mutants.

Am J Hum Genet 77, 841–850 (2005).

71. M Hutton, J. Lewis, D. Dickson, S. H. Yen, and E. McGowan, Analysis of tauopathies

with transgenic mice. Trends Mol Med 7, 467–470 (2001).

72. K. Santacruz, J. Lewis, T. Spires, J. Paulson, L. Kotilinek, M. Ingelsson, A. Guimaraes,

M. DeTure, M. Ramsden, E. McGowan, C. Forster, M. Yue, J. Orne, C. Janus, A.

Mariash, M. Kuskowski, B. Hyman, M/Hutton, and K. H. Ashe, Tau suppression in

a neurodegenerative mouse model improves memory function. Science 309, 476–481

(2005).

73. K. Bhattacharya, K. B. Rank, B. D. Evans, and S. K. Sharma, S.K., Role of cysteine-291

and cysteine-322 in the polymerization of human tau into Alzheimer-like filaments.

Biochem Biophys Res Commun 285, 20–26 (2001).

74. B. E. Dwyer, A. K. Raina, G. Perry, and M. A. Smith, Homocysteine and Alzheimer’s

disease: A modifiable risk? Free Radical Biol Med 36, 1471–1475 (2004).



P1: GFZ

SVNY332-Aggarwal January 19, 2007 15:7

212 COLE, TETER, AND FRAUTSCHY

75. G. Ramaswami, H. Chai, Q. Yao, P. H. Lin, A. B. Lumsden, and C. Chen, Curcumin

blocks homocysteine-induced endothelial dysfunction in porcine coronary arteries. J
Vasc Surg 40, 1216–1222 (2004).

76. J. Chen, X. O. Tang, J. L. Zhi, Y. Cui, H. M. Yu, E. H. Tang, S. N. Sun, J. Q. Feng, nd

P. X. Chen, Curcumin protects PC12 cells against 1-methyl-4-phenylpyridinium ion-

induced apoptosis by bcl-2-mitochondria-ROS-iNOS pathway. Apoptosis 11, 943–953

(2006).

77. Q. Wang, A. Y. Sun, A. Simonyi, M. D. JensenP.B. Shelat, G. E., Rottinghaus, R. S.

MacDonald, D. K. Miller, D. E., Lubahn, G. A. Weisman, and G. Y. Sun, Neuroprotec-

tive mechanisms of curcumin against cerebral ischemia-induced neuronal apoptosis

and behavioral deficits. J Neurosci Res 82, 138–148 (2005).

78. J. A. Mortimer, C. M. Duijn, V. Chandra, L. Fratiglioni, A. B. Graves, A. Heyman, A. F.

Jorm, E. Kokmen, K. Kondo, W. A. Rocca, S. L. Shalat, H. Soininen, and A. Hofman,

Head trauma as a risk factor for Alzheimer’s disease, A collaborative re-analysis of

case-control studies. Int J Epidemiol 20, S28–S35 (1991).

79. J. L. Cummings, JH. V. Vinters, G. M. Cole, and Z. S. Khachaturian, Alzheimer’s

disease: Etiologies, pathophysiology, cognitive reserve, and treatment opportunities.

Neurology 51, S2–17; discussion S65–S17 (1998).

80. H. Wisniewski, H. K. Narang, J. Corsellis, and R. D. Terry, Ultrastructural studies

of the neuropil and neurofibrillary tangles in Alzheimer’s disease and post-traumatic

dementia. J Neuropathol Exp Neurol 35, 367 (1976).

81. S. M. Gentleman, B. D. Greenberg, M. J. Savage, M. Noori, S. J. Newman, G. W.

Roberts, S. T. Griffin, and D. Graham, Ab42 is the prominant form of amyloid b-protein

in the brains of short-term surviviors of head injury. Neuroreport 8, 1519–1522.

82. J. A. Nicoll, G. W. Roberts, and D. I. Graham, Amyloid beta-protein, APOE genotype

and head injury. Ann NY Acad Sci 777, 271–275 (1996).

83. D. H. Smith, M. Nakamura, T. K. McIntosh, J. Wang, A. Rodriguez, X. H. Chen,

R. Raghupathi, K. E. Saatman, J. Clemens, M. L. Schmidt, V. M. Lee, and J. Q.

Trojanowski, Brain trauma induces massive hippocampal neuron death linked to a

surge in beta-amyloid levels in mice overexpressing mutant amyloid precursor protein.

Am J Pathol 153, 1005–1010 (1998).

84. A. Wu, Z. Ying, and F. Gomez-Pinilla, Dietary curcumin counteracts the outcome

of traumatic brain injury on oxidative stress, synaptic plasticity, and cognition. Exp
Neurol 197, 309–317 (2006).

85. V. Rajakrishnan, P. Viswanathan, K. Rajasekharan, and V. Menon, Neuroprotective

role of curcumin from Curcuma longa on ethanol-induced brain damage. Phytother
Res 13, 571–574 (1999).

86. K. Kitani, T. Yokozawa, and T. Osawa, Interventions in aging and age-associated

pathologies by means of nutritional approaches. Ann NY Acad Sci 1019, 424–426

(2004).

87. K. Bala, B. C. Tripathy, and D. Sharma, Neuroprotective and anti-ageing effects of

curcumin in aged rat brain regions. Biogerontology 7, 81–89 (2006).

88. G. Kempermann, H. G. Kuhn, and F. H. Gage, More hippocampal neurons in adult

mice living in an enriched environment. Nature 386, 493–495 (1997).

89. E. K. Ryu, Y. S. Choe, K.-H. Lee, Y. Choi, and B.-T. Kim. Curcumin and de-

hydrozingerone derivatives: synthesis, radiolabeling, and evaluation for �-amyloid

plaque imaging. J Med Chem 49, 6111–6119 (2006).



P1: GFZ

SVNY332-Aggarwal March 8, 2007 15:13

REGULATION OF COX AND LOX BY CURCUMIN

Chinthalapally V. Rao

Abstract: Turmeric (Curcuma longa) is extensively used as a household remedy
for various diseases. For the last few decades, work has been done to establish the
biological activities and pharmacological actions of curcumin, the principle con-
stituent of turmeric. Curcumin has proven to be beneficial in the prevention and
treatment of a number of inflammatory diseases due to its anti-inflammatory activ-
ity. Arachidonic acid-derived lipid mediators that are intimately involved in inflam-
mation are biosynthesized by pathways dependent on cyclooxygenase (COX) and
lipoxygenase (LOX) enzymes. The role of LOX and COX isoforms, particularly
COX-2, in the inflammation has been well established. At cellular and molecu-
lar levels, curcumin has been shown to regulate a number of signaling pathways,
including the eicosanoid pathway involving COX and LOX. A number of studies
have been conducted that support curcumin-mediated regulation of COX and LOX
pathways, which is an important mechanism by which curcumin prevents a number
of disease processes, including the cancer. The specific regulation of 5-LOX and
COX-2 by curcumin is not fully established; however, existing evidence indicates
that curcumin regulates LOX and COX-2 predominately at the transcriptional level
and, to a certain extent, the posttranslational level. Thus, the curcumin-selective
transcriptional regulatory action of COX-2, and dual COX/LOX inhibitory poten-
tial of this naturally occurring agent provides distinctive advantages over synthetic
COX/LOX inhibitors, such as nonsteroidal anti-inflammatory drugs. In this re-
view, we discuss evidence that supports the regulation of COX and LOX enzymes
by curcumin as the key mechanism for its beneficial effects in preventing various
inflammatory diseases.

1. INTRODUCTION

Currently, chronic diseases are, by far, the leading cause of death in the world, and
their impact is steadily growing. Approximately 17 million people die prematurely
each year as a result of the global epidemic of chronic disease.1,2 Elimination of risk
factors as an approach for the prevention of any given chronic disease has so far had
limited success in reducing burden of many chronic diseases such as cardiovascu-
lar, cancer, and diabetes. For example, it has been known for decades that tobacco
smoking, excessive alcohol drinking, and unhealthy dietary habits and lifestyles
are major risk factors for many of these chronic diseases,3,4 but, to date, not much
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progress has been made in eliminating these high-risk factors. In the prevention
of chronic diseases, one key new approach appears to be modulation of the in-
flammatory cascade, as research is expanding that links many chronic diseases to
inflammatory events. Synthetic nonsteridoal anti-inflammatory drugs (NSAIDs)
are widely used to treat many chronic inflammatory diseases; these agents pri-
marily act on the suppression of the formation of pro-inflammatory eicosanoids.
Evidence is presented that suggests that the inhibition of cyclooxygenase (COX)
and lipoxygenase (LOX) are equally important in the inhibition of chronic in-
flammation and cancer5−8 currently available NSAIDs are predominately COX
inhibitors. Based on the hypothesis that natural agents are capable of modulating
both LOX and COX activities will provide several advantages over synthetic drugs
in the prevention and treatment of chronic diseases, including cancer.9−11 In this
review, we discuss evidence that supports the regulation of COX and LOX en-
zymes by curcumin as a key mechanism for its beneficial effects in the prevention
of inflammatory diseases. Also, we discuss advantages of the use of curcumin in
the regulation of COX and LOX pathways when compared to synthetic inhibitors
of COX or LOX in cancer prevention and treatment.

2. TURMERIC: AN ANTI-INFLAMMATORY AGENT

The use of medicinal plants or their crude extracts in the prevention and/or treat-
ment of several chronic diseases has been traditionally practiced in various dif-
ferent ethnic societies worldwide. In South and Southeast Asia, including India,
turmeric, the powdered rhizome of Curcuma longa L. has been used extensively
in foods for both its flavor and color. Turmeric has a long tradition of use in the
Ayurvedic and Chinese systems of medicine, particularly as an anti-inflammatory
agent and for the treatment of flatulence, jaundice, menstrual difficulties, hema-
turia, hemorrhage, and colic. Turmeric can also be applied topically in poultices
to relieve pain and inflammation.12−14 Current researchas focused on turmeric’s
principle component—curcumin—and its potential beneficial effects in various
disease preventions and treatments. Curcumin (Figure 1), which has been iden-
tified as the major pigment in turmeric, possesses both anti-inflammatory and
antioxidant properties. Curcumin’s antioxidant, and anti-inflammatory activities

CH=CHCOCH2COCH=CH

OCH3

OHHO

H3CO

Figure 1. Chemical structure of curcumin [diferuloylmethane; 1,7-bis-(4-hydroxy-3-

methoxyphenyl)-1,6-heptadine-3,5-dione].
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help in the prevention and treatment of diseases associated with oxidative stress
and inflammation.

It is noteworthy that turmeric/curcumin has been known for its broad spectrum
of health beneficial effects over thousands of years, but the biological action of
this agent has been understood only in recent times. The anti-inflammatory ef-
fects of turmeric were supported by many laboratory investigations. Arora et al.
reported anti-inflammatory activity in different fractions of the petroleum ether
extract of C. longa.15 The total extracts of the rhizome of turmeric were evalu-
ated for their anti-inflammatory activity in albino rats (180–200 g) and compared
with that of hydrocortisone acetate and phenylbutazone. It was found that the
anti-inflammatory activity of turmeric extracts was almost as active as hydrocor-
tisone acetate in the inflammation induced by the cotton pellet method. Curcumin
isolated from the alcoholic extract of turmeric has been shown to be a potent anti-
inflammatory agent. Recently, the anti-inflammatory activity of curcumin has been
demonstrated in acute and chronic models of inflammation in rats and mice.11,16

In rats with Freud′s adjuvant-induced arthritis, administration of curcumin signifi-
cantly reduced the inflammatory swelling compared to the control16 In instances of
acute inflammation, oral administration of curcumin was found to be as effective
as cortisone or phenylbutazone, and even in chronic inflammation, it was shown to
be effective17 Curcumin might also be applied topically to animal skin to counter-
act inflammation and irritation associated with inflammatory skin conditions and
allergies.17 Further, clinical studies also confirmed the anti-inflammatory property
of curcumin in patients with postoperative inflammation.18 Further, oral adminis-
tration of curcumin to rats, at a dose of 3 mg/kg body weight, and sodium curcumin,
at a dose of 0.1 mg/kg, inhibited formalin-induced arthritis in the animals. In fact,
curcumin, once again, was comparatively as effective as phenylbutazone in this
application. In a double-blind trial of 49 patients diagnosed with rheumatoid arthri-
tis, when curcumin was given at a dose of 1200 mg/day for 5–6 weeks, there was
an overall improvement in morning stiffness and physical endurance; this yielded
comparable effects to those obtained with phenylbutazone.12 These studies sug-
gest that curcumin has been shown to regulate signaling pathways associated with
inflammation.

3. INHIBITION OF EICOSANOID PATHWAY

Similar to nonsteroidal anti-inflammatory agents, curcumin might act via a single
mechanism or in a combination of any of the mechanisms involving inhibition of
arachidonic acid metabolism, inhibition of COX, inhibition of the prostaglandin
(PG) synthesis, inhibition of LOX, inhibition of cytokines [interleukin (IL), tumor
necrosis factor (TNF), etc.], release of steroidal hormones from the adrenals, stabi-
lization of lysosomal membrane, uncoupling of oxidative phosphorylation, and so
forth.9,19−22 Accumulating evidence suggests that the inhibition of eicosanoid path-
ways (Figure 2) as a predominant mechanism for most anti-inflammatory actions
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Figure 2. Products and enzymes of arachidonic acid metabolism involved in the inflamma-

tory process. PG, prostaglandin; LT, leukotrienes, HETE, hydroxy eicosatetraenoic acid.

is induced by curcumin.19−21 It is noteworthy that, so far, more than 100 research
articles were published implicating the inhibitory effects of COX and LOX path-
ways by curcumin.

4. INHIBITION OF COX PATHWAY

Cyclooxygenase catalyzes the transformation of arachidonic acid into
prostaglandin H2(PGH2) as a first step; in turn, it is transformed into a series
of final active products in different cell types and with different expressions. Two
COX isoforms, COX-1 and COX-2, have been identified. They are encoded by two
different genes,23and it has been postulated that whereas COX-1 is expressed in
mammalian cells, particularly in endothelium, platelets, and the kidneys in physio-
logical conditions, COX-2 is inducible in pathological conditions by inflammatory
stimulation.24,25 it has, therefore, been suggested that constitutive COX-1 is in-
volved in homoeostatic processes, whereas COX-2 is the isoform that plays a major
part in the inflammatory process and the pain associated with it. Nevertheless, there
is accumulating evidence that COX-1 and COX-2 have overlapping actions. The
inhibitory effect of curcumin on COX has been shown by a number of laboratories
utilizing in vitro and in vivo model systems.

Srivastava et al. demonstrated that curcumin inhibited the incorporation of [14C]-
arachidonic acid (AA) into platelet phospholipids and inhibited the deacylation of
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AA-labeled phospholipids (liberation of free AA) on stimulation with the calcium
ionophore.26,27 Rat peritoneal macrophages preincubated with 10 μM curcumin for
1 h inhibited the incorporation of AA into membrane lipids by 82% and that ofPGE2

by 45%.28 Curcumin appears to block the synthesis of certain PGs through inhi-
bition of the COX enzyme.29,30 Preclinical experiments conducted in laboratories
also showed that dietary curcumin (0.2%) suppressed chemically induced colon
cancers and this inhibition was associated with decreased activities of colonic mu-
cosal and tumor phospholipase A2 (50%) and phospholipase Cgγ1 (40%) and the
formation of PGs such as PGE2, PGF2α, PGD2, 6-keto PGF1α, and thromboxane
B2.31,32 similarly, chemopreventive properties of curcumin against skin carcino-
genesis could be related to the potent inhibitory effect of this agent on arachidonic
acid-induced inflammation and on arachidonic acid metabolism through the COX
pathway in the mouse epidermis.33,34 in an in vivo study, the PGE2 content in the in-
flammatory exudates of control rats with inflammation was 7.29 μg/mL. Treatment
of the animals with curcumin (200 mg/kg) for 4 days reduced the PGE2content of
the exudates by 45%.33 In vitro studies revealed that curcumin decreased phorbol
ester-induced PGE2 production down to almost preinduction level.35 In a confirma-
tory Western analysis using a COX-2 monoclonal antibody, curcumin was shown to
reduce phorbol ester-induced COX-2 protein expression consistently by 60–70%.
In contrast, curcumin metabolites tetrahydrocurcumin, hexahydrocurcumin, and
curcumin sulfate interfered with COX-2 protein inhibition only weakly.35 Simi-
larly, Ramsewak et al. demonstrated that curcumin was active against the COX-2
enzyme compared to the COX-1 enzyme.36 Thus, curcumin was found to be effec-
tive in inhibiting PG synthesis in inflammatory exudates as well as in the in vitro
and in vivo tumors by modulating the COX-pathway.

5. MOLECULAR MECHANISM OF COX-2 REGULATION

The exact molecular mechanism by which curcumin produces the suppression
of COX isoforms is not yet fully understood, but available information leans
more toward pleiotropic mechanisms. Zhang et al. investigated whether curcumin
inhibited chenodeoxycholate (CD)- or phorbol ester (phorbol 12-myristate 13-
acetate, PMA)-mediated induction of COX-2 in several gastrointestinal cell lines
(SK-GT-4, SCC450, IEC-18, and HCA-7).37 Treatment with curcumin suppressed
CD- and PMA-mediated induction of COX-2 protein and synthesis of PGE2. In
the same study, curcumin also suppressed the induction of COX-2 mRNA by CD
and PMA.37 To investigate the effect of curcumin on COX-2 expression, HT-29
human colon cancer cells were treated with various concentrations of curcumin.
Curcumin inhibited the cell growth of HT-29 cells in a concentration- and time-
dependent manner. There was a marked inhibition of mRNA and protein expres-
sion of COX-2, but not COX-1.38 Kim et al. demonstrated that the inhibitory
action of curcumin on Janus kinase (JAK)–STAT (signal transducer and activator
of transcription) signaling could contribute to its anti-inflammatory activity in the
brain.39 In both rat primary microglial and murine BV2 microglial cells, curcumin
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effectively suppressed the ganglioside, lipopolysaccharide (LPS)- or interferon
(IFN-γ)-stimulated induction of COX-2.

Recent studies have demonstrated that eukaryotic transcription factor nuclear
factor-�B (NF-�B) was involved in the regulation of COX-2. Surh et al. studied
the molecular mechanism underlying the anti-inflammatory activity of curcumin.40

They suggested the downregulation of COX-2 through suppression of NF-�B. Re-
pression of the degradation of the inhibitory unit I�Bα, which hampers subsequent
nuclear translocation of the functionally active subunit of NF-�B, might be respon-
sible for the inhibition of NF-�B by curcumin.40,41 Han et al. demonstrated that cur-
cumin inhibited the 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced NF-�B
activation by preventing the degradation of the inhibitory protein I�Bα and the sub-
sequent translocation of the p65 subunit in cultured human promyelocytic leukemia
(HL-60) cells.42 Alternatively, curcumin repressed the TPA-induced activation of
NF-�B through direct interruption of the binding of NF-�B to its consensus DNA
sequences. It is important to note that studies carried out by Shishodia et al. showed
that curcumin downregulates cigarette-smoke-induced NF-�B activation through
the inhibition of I�B� and it correlated with the suppression of COX-2.43. Chun
et al. demonstrated the effect of curcumin on TPA-induced expression of COX-2
in a female mouse.44 Immunohistochemical analysis of TPA-treated mouse skin
revealed an enhanced expression of COX-2 localized primarily in the epidermal
layer, which was markedly suppressed by a curcumin pretreatment. Curcumin
treatment attenuated TPA-stimulated NF-�B activation in mouse skin, which was
associated with its blockade of the degradation of the inhibitory protein I�Bα and
of the subsequent translocation of the p65 subunit to the nucleus.45

Another important molecular mechanism by which curcumin regulates the
COX-2 is through the modulating of inducible nitric oxide synthase (iNOS) ex-
pression. Several in vitro and in vivo studies have provided evidence for interplay
(cross-talk) between COX-2 and iNOS expression and activities.46−52 Salvemini
et al. showed that NO enhanced the activity of COX enzymes through mecha-
nisms independent of cGMP in the RAW 264.7 macrophage cell line.50 Tetsuka
et al. found that COX-2 activation by NO increased the production of PGE2in
rat mesangial cells.47 Similarly, Mei et al. observed that NO induced COX-2 ex-
pression in conditionally immortalized murine colonic epithelial cells.48 In vivo
studies using iNOS-deficient mice revealed that a significant reduction of uri-
nary and peritoneal macrophage PGE2 levels correlated with nitrite and nitrate
levels.49 In animal models of colon cancer, we have shown that the administra-
tion of the colon-specific carcinogen azoxymethane (AOM) increased both iNOS
and COX-2 activities in colonic mucosa of F334 rats.53−55 Importantly, AOM-
induced iNOS and COX-2 activities have been significantly suppressed in animals
fed a diet of curcumin and iNOS-selective inhibitors.53,54 The mechanism(s) by
which NO/iNOS regulates COX-2 activity is not fully understood. Some stud-
ies suggested that COX-mediated arachidonic acid oxygenation (by free-radical
mechanisms) requires NO/peroxynitrite for the catalysis.46,49,51 It is possible that
curcumin might directly act on the arachidonic acid oxygenation or snaring reac-
tive nitrogen species due to its antioxidant property. However, recent investigations



P1: GFZ

SVNY332-Aggarwal March 8, 2007 15:13

REGULATION OF COX AND LOX 219

Proinflammatory agents 

NO

NF-kB

Superoxide

Peroxynitrite
Other RNS*

Inflammation

COX-2iNOS

LOX

I-κBα

Proinflammatory agents 

NO

NF-kB

Superoxide

Peroxynitrite
Other RNS*

I-κBα

 

Curcumin

Figure 3. Mechanism of modulation of COX-2 and LOX by curcumin. *RNS, reactive
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indicated that the regulation of COX-2 by iNOS/NO is more complex and also in-
volves a β-catenin/TCF-LEF-mediated transcriptional pathway.56 Surely, iNOS
seems to play a critical role in modulating COX-2 activities that, in turn, influence
inflammatory processes, as depicted in Figure 3.

6. REGULATION OF LOX PATHWAY

Lipoxygenases, like COX, are enzymes implicated in the arachidonic acid
metabolism catalyzing the insertion of oxygen into various positions in arachi-
donic acid. Among various LOX enzymes, 5-LOX-mediated arachidonic acid
metabolites play an important role in the inflammation.57,58 The final and bio-
logically active metabolites of the 5-LOX cascade are hydroxyeicosatetraenoic
acids (HETEs), leukotrienes (LTs), and lipoxins. Leukotrienes are potent media-
tors of inflammation; these include LTB4 and the so-called cysteinyl LTs (LTC4,
LTD4, and LTE4).59 The target of the biological effects of LTB4 has been found
to be primarily inflammatory cells: LTB4is a potent stimulator of leukocyte acti-
vation, and adhesion of these cells to vascular endothelium elicits chemokinetic
and chemotactic responses.60 Furthermore, LTB4 has been shown to be involved
in the pathogenesis of a variety of inflammatory diseases.61 It has been observed
that this LT stimulates the production and release of pro-inflammatory cytokines
from macrophages and lymphocytes and, recently, from synovial membrane. In-
hibitory effects of curcumin on LOX have been shown by number of laboratories
utilizing in vitro and in vivo model systems. Srivastava et al. demonstrated that
curcumin inhibited the formation of LTs in rat peritoneal macrophages induced by
the calcium ionophore.26,27 Rat peritoneal macrophages preincubated with 10 μM
curcumin for 1 h inhibited the formation of LTB4 by 61% and LTC4 by 34%.
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Flynn et al. studied the inhibitory activities of curcuminoids on the 5-HETE.
Various diaryl-heptonoids, including curcumin, were found to be potent inhibitors
of 5-HETE productions by intact human neutrophils with IC50 values ranging
from 4 to 8 μM.62 Huang et al. showed that topical application of curcumin
markedly inhibited TPA- and arachidonic acid-induced epidermal inflammation
(ear edema) in mice, but chlorogenic acid, caffeic acid, and ferulic acid were only
weakly active or inactive.34 The in vitro addition of 3, 10, 30, or 100 μM cur-
cumin to cytosol from homogenates of mouse epidermis inhibited the metabolism
of arachidonic acid to 5-HETE by 40%, 60%, 66%, or 83%, respectively, and the
metabolism of arachidonic acid to 8-HETE was inhibited by 40%, 51%, 77%, or
85%, respectively, whereas chlorogenic acid, caffeic acid, or ferulic acid (100 μM)
inhibited the metabolism of arachidonic acid to 5-HETE by 36%, 10%, or 16%,
respectively.34 Similarly, our laboratory experiments carried out in rats showed that
the administration of 0.2% curcumin suppressed AOM-induced colonic mucosal
and tumor 5(S)-, 8(S)-, 12(S)- and 15(S)-HETEs formation up to 68%32 Also,
Ammon et al. showed the inhibitory effect of curcumin on the 5-LOX in rat peri-
toneal neutrophils and 12-LOX activities in human platelets.29 Recently, Hong
et al. showed that curcumin and related β-diketone derivatives released arachi-
donic acid and its metabolites in the murine macrophage RAW264.7 cells and in
HT-29 human colon cancer cells.63 They examined their effects on the catalytic
activities and protein levels of 5-LOX. At 10 μM, dibenzoylmethane, trimethoxy-
dibenzoylmethane, tetrahydrocurcumin, and curcumin effectively inhibited the
release of arachidonic acid and its metabolites in LPS-stimulated RAW cells and
A23187-stimulated HT-29 cells. Curcumin significantly inhibited the activity of
human recombinant 5-LOX, showing estimated IC50 values of 0.7 μM.63 The re-
sults suggest that curcumin inhibits 5-LOX activities in both in vitro and in vivo
models.

The exact mechanism by which curcumin regulates 5-LOX is not yet explored
and thus far very few studies are reported.58,64–66 One of these studies suggested
that LOX catalyzed the oxygenation of curcumin and that curcumin can act as
a lipoxygenase substrate. By the use of X-ray diffraction and mass spectrom-
etry, they found an unoccupied electron mass that appeared to be an unusual
degradation product of curcumin (4-hydroxyperoxy-2-methoxyphenol) located
near the soybean LOX catalytic site.64 In another study, West et al. showed that
curcumin might regulate 5-LOX through the inhibition of transforming growth
factor (TGF)-α signaling.65 Understanding how curcumin inhibits LOX might
help in the development of novel drugs used for treatment where LOXs are
involved.

7. ADVANTAGES OF DUAL COX/LOX INHIBITION BY CURCUMIN

There are a number of advantages of curcumin application in the prevention and
treatment of various inflammatory diseases and cancer when compared to the
conventional NSAIDs and the selective COX-2 inhibitors because of its dual



P1: GFZ

SVNY332-Aggarwal March 8, 2007 15:13

REGULATION OF COX AND LOX 221

COX/LOX inhibitory property. COX-2 inhibitors primarily exert their activity
by reducing the production of PGs induced in the inflammatory process. In recent
years, it has been clarified that PG synthesis is only one part of the arachidonic
acid pathway, this precursor being a substrate that gives rise to many other lipid
mediators, such as the LTs and the lipoxins (LXs). Leukotrienes themselves have
a major role in the development and persistence of the inflammatory process,
and it is now clear that PGs and LTs have complementary effects, whereas the
production of LXs can counteract the inflammatory actions of LTs. Also, it is
important to note that the effect of COX-2 inhibitors on the incidence of car-
diovascular diseases raised several concerns66; particularly, COX-2-specific in-
hibitors could potentially increase the thrombotic risk, because they block the
production of PGI2, a potent antiaggregating agent,67 but curcumin does not have
such side effects. Shah et al. studied the mechanism of platelet aggregation by
curcumin.69 They showed that curcumin inhibited platelet aggregation mediated
by the platelet agonists’ epinephrine (200 μM), platelet activating factor (PAF, 800
nM), collagen (20 μg/mL), and AA (0.75 mM). Curcumin preferentially inhib-
ited PAF and AA-induced aggregation at low concentrations (IC50; 20–25 μM),
and at higher concentrations, it inhibited aggregation induced by other platelet
agonists. In view of these concepts, it has been suggested that blocking both
LOX and COX pathways by curcumin might have synergistic effects and achieve
optimal anti-inflammatory activity. In addition, taking into account the roles of
LTB4 and cysteinyl LTs (against which neither selective nor nonselective NSAIDs
are effective) in the inflammatory process, dual inhibition of the COX and 5-
LOX pathways by curcumin could produce a wider spectrum of anti-inflammatory
effects.

8. SUMMARY

Curcumin is a major pigment in turmeric, a powdered rhizome of Curcumin longa
Linn, which has been extensively used as a coloring and flavoring agent in foods
and for the treatment of a variety of inflammatory conditions and other chronic dis-
eases. There is convincing evidence that curcumin inhibits AA-mediated COX and
LOX pathways. A number of studies demonstrated that curcumin suppresses the
COX-2 expression and activities more preferentially when compared to COX-1.
Similarly, many studies also suggest that curcumin inhibits the 5-LOX and other
LOXs. The exact molecular mechanism by which curcumin suppresses COX and
LOX isoforms is not yet fully understood, but available information leans more to-
ward pleiotropic mechanisms involving transcriptional as well as posttranslational
modifications. Based on dual COX-2 and LOX inhibitory activities, curcumin has
several advantages over the other synthetic agents that inhibit either COX or LOX.
Furthermore, the lack of toxicity and side effects as well as its availability in large
quantities as a natural product that has been used in population groups for several
centuries are additional advantages in applying this agent for the prevention and
treatment of inflammatory diseases.
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MOLECULAR TARGETS OF CURCUMIN

Jen-Kun Lin

Abstract: Curcumin possesses anti-inflammatory activity and is a potent inhibitor
of reactive-oxygen-generating enzymes such as lipoxygenase/cyclooxygenase,
xanthine dehydrogenase/oxidase, and inducible nitric oxide synthase (iNOS);
it is an effective inducer of heme oxygenase-1. Curcumin is also a potent in-
hibitor of protein kinase C (PKC), EGF-receptor tyrosine kinase, and I�B kinase.
Subsequently, curcumin inhibits the activation of NF-�B and the expressions of
oncogenes including c-jun, c-fos ,c-myc, NIK, MAPKs, ERK, ELK, PI3K, Akt,
CDKs, and iNOS. It is considered that PKC, mTOR, and EGFR tyrosine kinase
are the major upstream molecular targest for curcumin intervention, whereas the
nuclear oncogenes such as c-jun, c-fos, c-myc, CDKs, FAS, and iNOS might act as
downstream molecular targets for curcumin actions. It is proposed that curcumin
might suppress tumor promotion through blocking signal transduction pathways
in the target cells. The oxidant tumor promoter TPA activates PKC by reacting
with zinc thiolates present within the regulatory domain, whereas the oxidized
form of cancer chemopreventive agent such as curcumin can inactivate PKC by
oxidizing the vicinal thiols present within the catalytic domain. Recent studies
indicated that proteasome-mediated degradation of cell proteins play a pivotal
role in the regulation of several basic cellular processes, including differentiation,
proliferation, cell cycling, and apoptosis. It has been demonstrated that curcumin-
induced apoptosis is mediated through the impairment of the ubiquitin–proteasome
pathway.

1. INTRODUCTION

Chemoprevention is the attempt to use dietary factors, synthetic pharmacological
agents, and changes in lifestyle to intervene in the precancerous stages of carcino-
genesis before the invasive disease begins.1 It has been suggested that diet has an
impact on cancer incidence and that daily consumption of vegetables and fruits
decreases the risk for human cancer.2,3 Recently, efforts have been focused on
identifying dietary phytochemicals, which have the ability to inhibit the processes
of carcinogenesis. Among these phytochemicals, curcumin has been demonstrated
to be a promising cancer chemopreventive agent in animal systems.4,5 Curcumin
has been listed as the third generation of cancer chemopreventive agents by the
Institute of Cancer Chemoprevention, NCI, NIH of the United States. A study of
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the clinical application of curcumin as a chemopreventive agent was intensively
carried out at the NCI.6 Our recent study on phase I clinical trial of curcumin in
patients with high-risk or premalignant lesions has demonstrated that curcumin is
not toxic to humans up to 8000 mg/day when taken for 3 months and has a promis-
ing biologic effect in the chemoprevention of several types of cancer.7 Turmeric
is widely used as a spice and coloring agent in several foods such as curry, mus-
tard, bean cake, cassava paste, and potato chips as well as cosmetics and drugs.
Another species, namely C. wenyujin, has been used for centuries in Chinese tra-
ditional medicine for the treatment of a variety of inflammatory conditions such
as hepatitis and bile duct disorders.8 Curcumin has been demonstrated to have
potent antioxidant9−11 and anti-inflammatory activities,4,5,12,13 and it inhibits the
carcinogen–DNA adduct.14 and tumorigenesis in several animal models.15–18

2. CANCER CHEMOPREVENTION BY CURCUMIN

Several studies have demonstrated that curcumin inhibited chemical carcino-
genesis in different tissue sites in several experimental animal models. Cur-
cumin inhibited the tumor initiation by benzo[a]pyrene (BaP) and 7,12-dimethyl-
benz[a]anthracene (DMBA) in mouse epidermis.14 The topical application of
curcumin strongly inhibited tumor promotion in the skin of DMBA-initiated
mice.4,15,17 Feeding 0.5–2.0% curcumin in the diet decreased BaP-induced
forestomach tumors per mouse by 51–53% when administered during the initi-
ation period and 47–67% when administered during the postinitiation period.16

Further studies indicated that curcumin might inhibit BaP-induced forestomach
cancer in mice by affecting both activation as well as inactivation pathways of
BaP metabolism in the liver.19 Feeding curcumin in the diet decreased the num-
ber of N -ethyl-N ′-nitro-N -nitrosoguanidine (ENNG)-induced duodenal tumors
per mouse.16 Administration of curcumin in the diet decreased the number of
azoxymethane (AOM)-induced colon tumors in mice16 and rats.18

Curcumin is an effective agent for chemoprevention action at the radiation-
induced initiation stage of mammary carcinogenesis.20 A recent study in our labo-
ratory also indicated that curcumin effectively inhibits diethylnitrosamine-induced
hepatocarcinogenesis in mice.21 It is suggested that the feasibility of using cur-
cumin in the chemoprevention of human hepatocellular carcinoma should be fur-
ther explored.7 Recent studies have indicated the combined inhibitory effects of
curcumin and phenethylisothiocyanate on the growth of PC-3 prostate xenografts
in immunodeficient mice.22

3. METABOLISM OF CURCUMIN

The pharmacokinetic properties of curcumin have been investigated in mice.23

After intraperitoneal adminstration of curcumin (0.1 g/kg) to mice, about
2.25 �g/mL of curcumin appeared in the plasma in the first 15 min. One hour
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after administration, the levels of curcumin in the intestine, spleen, liver, and kid-
neys were 177, 26, 27, and 7.5 �g/g, respectively. Only traces (0.41 �g/g) were
observed in the brain at 1 h. To clarify the nature of the metabolites of curcumin,
the plasma was analyzed by reversed-phase high-performane liquid chromatogra-
phy (HPLC), and two putative conjugates were observed. Further treatment of the
plasma with �-glucuronidase resulted in a decrease in the levels of these two pu-
tative conjugates and the concomitant appearance of the tetrahydrocurcumin and
curcumin, respectively. To investigate the nature of these glucuronide conjugates
in vivo, the plasma was analyzed by electrospray. The chemical structures of these
metabolites were determined by mass spectrometry–mass spectrometry (MS/MS)
analysis.23 The experimental results suggested that curcumin was first biotrans-
formed to dihydrocurcumin and tetrahydrocurcumin and these compounds sub-
sequently were converted to monoglucuronide conjugates. These results suggest
that curcumin–glucuronide, dihydrocurcumin–glucuronide, tetrahydrocurcumin–
glucuronide, and tetrahydrocurcumin are major metabolites of curcumin in mice.

The bioavailability of parent curcumin is low,7 so its pharmacological activity
can be mediated, in part, by curcumin metabolites. The major products of curcumin
biotransformation by hepatocytes occur only at low abundance in rat plasma after
curcumin administration and metabolism of curcumin by reduction or conjuga-
tion generate species with reduced ability to inhibit cyclooxygenase (COX)-2
expression.24 Because the gastrointestinal tract seems to be exposed more promi-
nently to unmetabolized curcumin than any other tissue, the results support the
clinical evaluation of curcumin as a colorectal cancer chemopreventive agent.

Curcumin glucuronide was identified in intestinal and hepatic microsomes, and
curcumin sulfate, tetrahydrocurcumin, and hexahydrocurcumin were found as cur-
cumin metabolites in intestinal and hepatic cytosol from humans and rats .The
extent of curcumin conjugation was much greater in intestinal fractions from hu-
mans than in those from rats, whereas curcumin conjugation was less extensive
in hepatic fractions from humans than in those from rats. The curcumin-reducing
ability of cytosol from human intestinal and liver tissue exceeded that observed
with the corresponding rat tissue by factors of 18 and 5, respectively.25 Curcumin
sulfate was identified in the incubation of curcumin with intact rat gut sacs. Cur-
cumin was sulfated by human phenol sulfotransferase isoenzymes SULT1A1 and
SULT1A3.

4. MAJOR TARGETS FOR THE BIOLOGICAL ACTIONS
OF CURCUMIN

4.1. Antioxidative Effects Through Modulating Related Enzyme Systems

Curcumin possesses anti-inflammatory activity and is a potent inhibitor of reactive-
oxygen-generating enzymes, such as lipoxygenase (LOX)/cyclooxygenase
(COX), xanthine dehydrogenase/oxidase, and inducible nitrogen oxide synthase
(iNOS).26 Simultaneous administration of 2 and 10 �M curcumin with 100 ng/mL
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trifluoroacetic acid (TPA) inhibits TPA-induced increases in xanthine oxidase ac-
tivity measured 30 min later by 22.7% and 36.5%, respectively.27 Based on these
findings, induction of xanthine oxidase activity is deemed to be one of the ma-
jor causative elements in TPA-mediated tumor promotion, and the major inhibi-
tiory mechanism of curcumin on TPA-induced increases in xanthine dehydroge-
nase/oxidase enzyme activities is through direct inactivation in the protein level.27

It is interesting to note that curcumin induces heme oxygenase-1 (HO-1) and
protects endothelial cells against oxidative stress.28 Exposure of bovine aortic
endothelial cells to curcumin (5–15 �M) resulted in both a concentration- and
time-dependent increase in HO-1 mRNA, protein expression, and heme oxygenase
activity. Interestingly, prolonged incubation (18 h) with curcumin in normoxic or
hypoxic conditions resulted in enhanced cellular resistance to oxidative damage.
This cytoprotective effect was considerably attenuated by tin protoporphyrin IX, an
inhibitor of heme oxygenase activity. Regulation of HO-1 expression by curcumin
and other polyphenols is evoked by a distinctive mechanism that is not necessary
linked to changes in glutathione but might depend on redox signals sustained by
specific and targeted sulfhydryl groups.29

Curcumin is a potent scavenger of a variety of reactive oxygen species (ROS),
including superoxide anion,9 hydroxyl radical, singlet oxygen,10 nitric oxide,
and peroxynitrite. Curcumin has the ability to protect lipids, hemoglobin, and
DNA against oxidative degradation. Pure curcumin has more potent superoxide
anion scavenging activity than demethoxycurcumin or bisdemethoxycurcumin.9

Curcumin is a potent inhibitor of ROS-generating enzymes cyclooxygenase and
lipoxygenase in mouse epidermis.5

Supplementation with Curcuma longa extract reduces oxidative stress and at-
tenuates the development of fatty streaks in male New Zealand white rabbits fed a
high-cholesterol diet (1.3%).30 Many studies have shown the capacity of curcumin
to prevent lipid peroxidation, a key process in the onset and progression of many
diseases, including atherosclerosis. It has been observed that curcumin reduces
plasma lipid peroxides, reduces the susceptibility of LDL to oxidation, inhibits the
proliferation of vascular smooth muscle cells, has an antithrombotic effect, and
inhibits platelet aggregation in vivo and ex vivo.

Curcumin prevents colon cancer in rodent models. It inhibits lipid peroxidation
and cyclooxygenase-2 (COX-2) expression and induces glutathione-S-transferase
(GST). The total GST activity and adducts of malondialdehyde with DNA in colon
mucosa, liver, and blood leukocytes were significantly inhibited by curcumin.31

4.2. Metabolic Enzyme Induction

Metabolic studies showed that curcumin significantly inhibited CYP1A1-mediated
benzo(a)pyrene diol bioactivation in both oral squamous cell carcinoma cells
and intact oral mucosa.32 Because CYP1A1 is one of the primary carcinogen-
activating enzymes in oral mucosa, the use of curcumin as an oral cavity
chemopreventive agent have significant clinical impact via its ability to inhibit
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carcinogen bioactivation. Curcumin exhibits anticancer activity in rodents and in
humans. Its efficacy appears to be related to induction of GST enzymes, inhi-
bition of prostaglandin E2 (PGE2) production, or suppression of oxidative DNA
adduct formation.33 Curcumin and a number of naturally occurring and synthetic
analogues are phase II enzyme inducers, as demonstrated by their ability to el-
evate the enzyme activity of quinone reductase in murine hepatoma cells. It is
reasonable to assume that phase II enzyme induction plays a significant role in the
chemopreventive and antioxidant activities of these curcuminoids.34

It has been demonstrated that coordinate induction of phase II proteins and
elevation of glutathione protect cells against the toxic and carcinogenic effects of
electrophiles and oxidants. All inducers react covalently with thiols at rate that
are closely related to their potencies. Inducers disrupt the cytoplasmic complex
between the actin-bound protein Keap1 and the transcription factor Nrf2, thereby
releasing Nrf2 to migrate to the nucleus where it activates the antioxidant response
element (ARE) of phase II genes and accelerate their transcription.35 This finding
suggests that reaction of cysteine thiols is followed by rapid formation of protein
disulfide linkages. The most reactive residues of Keap1 (C257, C273, C288, and
C297) were identified by mapping the hexamethasone-modified cysteines by mass
spectrometry of tryptic peptides. The residues are located in the intervening region
between BTB and Kelch repeat domains of Keap1 and probably are the direct
sensors of inducers of the phase II enzyme system.35

4.3. Induction of Apoptosis

We have demonstrated that curcumin (30 �M) induces apoptosis in several tumor
cell lines.36 The curcumin-induced apoptosis is highly dependent on the origin
and malignancy of cell lines. It appears that the typical apoptosis can only be
induced in immortalized mouse embryo fibroblast NIH 3T3, erbB2 oncogene-
transformed NIH 3T3, mouse Sarcoma 180, human colon cancer cell HT29, hu-
man kidney cancer cell 293, and human hepatocellular carcinoma HepG2 cells;
but not in primary cultures of mouse embryonic fibroblast C3H 10T1/2, rat em-
bryonic fibroblast, and human foreskin fibroblast cells.36 Treatment of NIH 3T3
cells with the protein kinase C (PKC) inhibitor staurosporine, the tyrosine kinase
inhibitor herbimycin A, or arachidonic acid metabolism inhibitor quinacrine in-
duces typical apoptosis. These results suggest that blocking the cellular signal
transduction in immortalized or transformed cells might trigger the induction of
apoptosis.

We have also demonstrated that curcumin (3.5 �g/mL) induces human promye-
locytic HL-60 cells. The apoptosis-inducing activity of curcumin appeared in a
dose- and time-dependent manner.37 Flow-cytometric analysis showed that the
hypodiploid DNA peak of propidium iodide-stained nuclei appeared at 4 h after
7-�g/mL curcumin treatment. The action mechanism has been demonstrated to
be through cytochrome-c release and activation of caspases.38 The antioxidants
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N -acetyl-l-cysteine (NAC), l-ascorbic acid, �-tocopherol, catalase, and superox-
ide dismutase effectively prevented curcumin-induced apoptosis.

The combined treatment of LNCaP prostate cancer cells with curcumin
(10 �M) and tumor necrosis factor- related apoptosis-inducing ligand (TRAIL,
20 ng/mL) remarkably induced apoptosis through inducing cleavage of procaspase-
3, procaspase-8, and procaspase-9, truncation of Bid and release of cytochrome-c
from the mitochondria, indicating that both the extrinsic (receptor-mediated) and
intrinsic (chemical-induced) pathways of apoptosis are triggered in prostate cancer
cells treated with a combination of curcumin and TRAIL. These findings define a
potential use of curcumin to sensitize prostate cancer cells for TRAIL-mediated
immunotherapy.39

4.4. Inhibition of Mammalian Target of Rapamycin

Curcumin inhibits proliferation/growth, induces apoptosis, and suppresses motil-
ity of cells by inhibition of mammalian targets of rapamycin (mTOR)-mediated
signaling pathways in rhabdomyosarcoma cells. Recently, two mTOR complexes
(m-TORmLST8-raptor and mTOR-mLST8-rictor) have been identified. The for-
mer is rapamycin-sentsitive, whereas the latter is rapamycin-insensitive. Treatment
with curcumin promoted dissociation of raptor from mTOR in a concentration-
dependent manner, but did not affect association of mLST8 with mTOR. Further-
more, unlike rapamycin, curcumin also induced the dissociation of rictor from
mTOR. Therefore, curcumin might represent a novel class of mTOR inhibitor.40

It is found that curcumin induced sustained hyperphosphorylation of c-jun and
activation of JNK, which might be responsible for curcumin-induced apoptosis of
the rhabdomyosarcoma cells.

The conserved checkpoint protein kinase mTOR is a key regulator of cell growth
and proliferation and increasing evidence supports that the mTOR pathway plays
a central role in the genesis of cancer. Curcumin has been shown to inhibit carcino-
genesis and tumor cell proliferation. Curcumin inhibits PKB/Akt, one of the up-
stream regulators of mTOR; furthermore, curcumin also activates AMPK1, which
senses cellular ATP levels and inhibits mTOR indirectly. Inhibition of mTOR sig-
naling by curcumin is mediated by the inhibition of Akt and activation of AMPK,
and the inhibition of mTOR signaling is important for the inhibition of PC-3 cell
proliferation by curcumin.41

Human tumors that overexpressed ErbB2, which have been previously shown
to have higher VEGF expression, showed significantly higher p70S6K phosphory-
lation as well. Increased vascular epithelial growth factor (VEGF) expression also
significantly correlated with higher levels of Akt and mTOR phosphorylation. Ad-
ditionally, patients with tumors having increased p70S6K phosphorylation showed
a trend for worse disease-free survival and increased metastasis. These findings
show that ErbB2 increases VEGF protein production by activating p70S6K in cell
lines, xenografts, and human cancers and suggest that these signaling molecules
might serve as targets for antiangiogenic and antimetastatic therapies.42
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4.5. Suppression of Akt Signaling

Althugh curcumin has several different molecular targets within the MAPK and
PI3K/PKB signaling pathways that could contribute to inhibition of proliferation
and induction of apoptosis, inhibition of basal activity of Akt/PKB, but not ERK,
might facilitate apoptosis in the tumor cell line.43 Recent studies have demon-
strated that curcumin downregulates nuclear factor (NF-�B) through inhibiting
I�B�, Bcl-2, Bcl-xL, cyclin D1, and interleukin (IL)-6 in human multiple myeloma
cells leading to the suppression of proliferation and induction of apoptosis, thus
providing the molecular basis for the treatment of multiple myeloma patients with
this pharmacologically safe agent.44 Curcumin causes dose-dependent apoptosis
and DNA fragmentation of Caki cells, which is preceded by the sequential dephos-
phorylation of Akt, downregulation of the antiapoptotic Bcl-2, Bcl-xL, and IAP
proteins, release of cytochrome-c, and activation of caspase-3, cyclosporin A, as
well as caspase inhibitor, specifically inhibit curcumin-induced apoptosis in Caki
cells. Pretreatment with N -acetylcysteine markedly prevented dephosphorylation
of Akt and cytochrome-c release, and cell death, suggesting a role for ROS in this
process.45

4.6. Inhibition of MDM2 Oncogene Action

The anti-cancer effect of curcumin might be through direct inhibition of the MDM2
oncogene action. It is well established that the MDM2 oncogene plays a major
role in human cancer development and progression. Its tumorigenic properties
are associated with both p53-dependent and p53-independent pathways. It has
been demonstrated that in a dose-dependent manner, curcumin inhibited DMD2
expression in various human cancer cell lines with different p53 backgrounds.
Curcumin inhibited MDM2 expression at the transcription level, affecting DMD2
promoter activity. The levels of p21 and Bax were increased and E2F1 and Bcl2
decreased. Curcumin induced apoptosis and inhibited proliferation in PC3 cells.
The chemosensitization and radiosensitization effects of curcumin in vitro and in
vivo are tightly associated with its MDM2 inhibitory effects.46

4.7. Suppression of c-jun and c-fos Expression

In 1991, we have made an interesting finding that the phorbol ester TPA-
induced transcriptional factor c-jun/AP-1 in mouse fibroblast cells is suppressed
by curcumin.47 Elevated expression of gene transcriptionally induced by TPA is
among the events required for tumor promotion. Functional activation of transcrip-
tional factor c-Jun/AP-1 is believed to play an important role in signal transduc-
tion of TPA-induced tumor promotion. Suppression of the c-jun/AP-1 activation
by curcumin (10 �M) is observed in mouse fibroblast cells. These findings show
for the first time that the effect of curcumin on TPA-induced inflammation/tumor
promotion could be studied at the molecular level.
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Curcumin also inhibits the TPA- and ultraviolet B (UVB) light-induced expres-
sion of c-jun and c-fos in JB6 cells and in mouse epidermis.48 Recent studies
indicated that curcumin treatment attenuated TPA-stimulated NF-�B activation in
mouse skin, which was associated with its blockade of degradation of the inhibitory
protein I�B� and also of subsequent translocation of the p65 subunit to nucleus.49

TPA treatment resulted in rapid activation via phosphorylation of ERK1/2 and
p38 MAP kinases, which are upstream of NF-�B. The MEK1/2 inhibitor UO126
strongly inhibited NF-�B activation, whereas the p38 inhibitor SB203580 failed to
block TPA-induced NF-�B activation in mouse skin. It is suggested that curcumin
inhibits the catalytic activity of ERK1/2 in mouse skin and its suppression of COX-
2 expression by inhibiting ERK activity and NF-�B activation might provide the
molecular basis for the antitumor-promoting effects of curcumin in mouse skin
carcinogenesis.49,50 Curcumin has potent antineoplastic activity in several tumor
types and is thought to exert anti-inflammatory effects in part through inhibition
of NF-�B, which has been linked to inhibition of the cytokine IL-8, production of
PGE2, and VEGF. IL-8, PGE2, and VEGF are expressed in ovarian cancers and are
associated with increased angiogenesis and poor prognosis. Curcumin is cytotoxic
in ovarian cancer cells and exerts its effects by inhibiting NF-�B activation and
decreasing levels of IL-8 and VEGF. The inhibition of these angiogenic factors
along with the induction of apoptosis might have broad clinical benefits to ovarian
cancer patients.51

4.8. Inhibition of Protein Kinase C

Treatment with 15 or 20 �M curcumin for 15 min inhibited TPA-induced PKC
activity in particulate fractions by 26% or 60% and did not affect the level of PKC
protein. However, the inhibitory effect of curcumin was reduced after preincubation
with the thiol compounds.52

Dietary antioxidants are important in cancer prevention. The conventional view
held for a long time is that antioxidants act by scavenging free radicals. Although
these actions of antioxidants are certainly important in preventing promutagenic
DNA damage caused by oxidants, other actions of antioxidants, particularly those
influencing cell signaling mechanisms, have also recently come to light. Antiox-
idants are believed to induce their own effects on cell signaling, such the PKC
pathway in the precancer cells to decrease tumor promotion, a critical stage in
carcinogenesis.53 By having different oxidation susceptible regions, PKC can re-
spond to both oxidant tumor promoters and cancer preventive antioxidants to elicit
apposite cellular responses. The oxidant tumor promoter (such as TPA) activates
PKC by reacting with zinc thiolates present within the regulatory domain. In con-
trast, the oxidized forms of some cancer preventive agents, such as polyphenolics
(curcumin, ellagic acid, and 4-hydroxytamoxifen) and seleno compounds, can in-
activate PKC by oxidizing the vicinal thiols present within the catalytic domain.
This brings an efficient counteractive mechanism to block the signal transduction
induced by the tumor promoter at the first step itself.54
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4.9. Suppression of EGF Receptor Tyrosine Kinase Activity

Curcumin (10 �M) inhibits EGF receptor kinase activity up to 90% in a dose- and
time-dependent manner and also inhibits EGF-induced tyrosine phosphorylation
of EGF-receptors in A431 cells.55 Treatment of NIH 3T3 cells with a saturating
concentration of EGF for 5–15 min induced increased EGF-R tyrosine phosphory-
lation by 4– to 11-fold and this was inhibited by curcumin, which also inhibited the
growth of EGF-stimulated cells.56 Curcumin has been shown to suppress the ex-
pression of iNOS in vivo.57 The EGF is a well-known mitogen, but it paradoxically
induces apoptosis in cells that overexpress its receptor. It has been demonstrated
that the EGF-induced apoptosis is accelerated if NF-�B is inactivated by curcumin
and sodium salicylate.58 Under the NF-�B inactivated condition, A431 cells were
more sensitive to EGF with decreased cell viability and increased externalization
of phosphatidylserine on the cell surface, DNA fragmentation, and activation of
caspases (3 and 8 but not 9), typical features of apoptosis. These results were
further supported by the potentiation of the growth inhibitory effects of EGF by
chemical inhibitors of NF-�B (such as curcumin and sodium salicylate) and the
protective role of Rel A evidenced by the resistance of A431-Rel A cells (stably
transfected with Rel A) to EGF-induced apoptosis.58

4.10. Proteasome System in Cell Proliferation and Apoptosis

It has been proposed that curcumin mediates growth arrest in breast cancer cells
by targeting the proteasome59 Evidence points to curcumin as a potent antioxidant
and anti-inflammatory agent, both desirable properties that have been reported to
play key roles in inhibiting carcinogenesis. Using a panel of three breast cancer
cell culture models (MDA-MB-231, MDA-MB-436, and Hs578T), it has been
shown that curcumin mediates its cell cycle inhibitory activities by blocking the
chymotrypsin-like activity of the proteasome in vitro. It is suggested that curcumin
might mediate G1 arrest and possible cytostasis and apoptosis by blocking the
proteasome activity and upregulating the p21 protein in breast cancer cells.59 In
addition to the mechanisms by which the growth factors exhibit both stimulatory
and inhibitory activity in a single cell depending on the context of the other signal
molecules present, the final outcome is presumably influenced by a host of regula-
tory molecules other than the growth factors and their receptors.60 It is thus clearly
important to recognize that a potent mitogen like EGF also sends out apoptotic
signals and identifies conditions in which these signals are regulated. NF-�B inhi-
bition makes A431 cells more susceptible to EGF-induced apoptosis, whereas Rel
A protects them against it. EGF stimulation in A431 cells enhances the degradation
of I�B�, but not I�B�, and proteasome inhibitors such as ALLN or MG132 block
EGF-mediated NF-�B activation, indicating that EGF-induced NF-�B activation
requires proteasome-dependent I�B degradation. Furthermore, the EGF-induced
DNA-binding complex of NF-�B in A431 was found to be composed of p50/Rel
A heterodimers, but not c-Rel.61
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It has been demonstrated that curcumin-induced apoptosis is mediated through
the impairment of the ubiquitin–proteasome system. Exposure of curcumin to
the mouse neuro2a cells causes a dose-dependent decrease in proteasome activity
and an increase in ubiquitinated proteins. Curcumin exposure also decreases the
turnover of the destabilized enhanced green fluorescence protein, a model sub-
strate for proteasome and cellular p53 protein.62 In our laboratory, a similar effect
was observed in another polyphenolic: pentagalloylglucose (5GG). It is interest-
ing to note that 5GG induces G1 arrest and apoptosis in human Jurkat T-cells
through inhibiting proteasome activity and elevating p27kip1, P21cip1/WAF1, and
Bax proteins.63

Proteasome-mediated degradation of cell proteins plays a pivotal role in the
regulation of several basic cellular processes, including differentiation, prolifera-
tion, cell cycling, apoptosis, gene expression, and signal transduction. Imbalances
in proteasome-mediated protein degradation contribute to various human diseases
such as cancer and neurodegenerative and myodegenerative disases, suggesting
that the proteasome might be a novel target for anticancer therapy.64

4.11. Modulation of Ca2+ and Cellular p53 Protein

When COLO205 colorectal carcinoma cells were treated with curcumin (60 �M),
the appearance of apoptotic DNA ladders was delayed about 5 h and G1 arrest
was detected.65 The reduction of p53 gene expression was accompanied by the
induction of HSP70 gene expression in the curcumin-treated cells. These findings
suggest that curcumin might induce the expression of the HSP70 gene through
the initial depletion of intracellular Ca2+ followed by the suppression of p53 gene
function in the target cells.65

4.12. Suppression of Hepatocellualr Carcinoma Invasion
by Inhibiting MMP-9

An in vitro assay, without or with the Matrigel matrix, was used to quantitate
cellular migration and invasion. Gelatin-based zymography was adapted to assay
the secretion of matrix metalloproteinase-9 (MMP-9). We found that curcumin at
10 �M inhibited 17.4% and 70.6% of cellular migration and invasion of SK-Hep-1
cells, respectively. Compared with a less invasive human hepatocellular carcinoma
cell line Huh 7, SK-Hep-1 showed a much higher MMP-9 secretion. Furthermore,
parallel with its anti-invasion activity, curcumin inhibited MMP-9 secretion in SK-
Hep-1 in a dose-dependent fashion. We conclude that curcumin has a significant
anti-invasion activity in SK-Hep-1 cells and that this effect is associated with its
inhibitory action on MMP-9 secretion.66

Osteopontin (OPN) is a member of the extracellular matrix protein; it is a non-
collagenous, sialic acid-rich, and glycosylated phosphoprotein. OPN stimulates tu-
mor growth and activation of promatrix metalloproteinase-2 (ProMMP-2) through
NF-�B-mediated induction of membrane type-1 matrix metalloproteinase (MT1-
MMP) in murine melanoma cells.67 Recently, it has been shown that curcumin
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inhibited the OPN-induced I�B� phosphorylation and degradation by inhibiting
the IKK activity, Moreover, curcumin inhibited the OPN-induced translocation
of p65, NF-�B DNA-binding, and NF-�B transcriptional activity. Curcumin also
inhibited OPN-induced cell proliferation, cell migration, extracellular matrix inva-
sion, and synergistically induced apoptotic morphology with OPN in these cells.68

5. MECHANISM OF ACTION OF CURCUMIN
IN CHEMOPREVENTION

Multiple evidences have been indicated that many dietary constituents are chemo-
preventive in animal models, and experiments with cultured cells are revealing
various potential action mechanisms. Several compounds classified as blocking
agents can prevent, or greatly reduce, initiation of carcinogenesis, wereas suppress-
ing agents affect later stages of the promoting process by reducing cell proliferation.
Many naturally occurring compounds such as curcumin, catechins, theaflavins, and
others have both types of activity. These compounds exhibit their blocking mech-
anisms through alteration of phase II drug-metabolizing activities and scavenging
of ROS in the target tissue. Meanwhile, these compound might act as suppressing
agents to suppress carcinogenesis involving modulation of signal transduction that
leads to altered gene expression, cell cycle arrest, or apoptosis.69 Although cur-
cumin alone had little or no effect on cellular differentiation, when it was combined
with all-trans retinoic acid or 1�-25-dihydroxyvitamin D3, a synergistic effect was
observed. It is possible that many dietary chemicals in fruits, vegetables, and other
edible plants can prevent cancer by synergizing with endogenously produced stim-
ulators of differentiation such as all-trans retinoic acid, 1�-25-dihydroxyvitamin
D3, and butyrate.70

Recent intensive studies on the action mechanisms of curcumin in various
biological systems have indicated that this compound has engaged in multi-
ple antitumor-promoting pathways.48,71 It has been demonstrated that the TPA-
induced tumor promotion is significantly inhibited by curcumin.4,12,18 Angiogen-
esis is a key component of cancer metastasis. ErbB2- overexpressing breast tumors
tend to be more angiogenic than other breast tumors. One of the most potent in-
ducers of angiogenesis is VEGF, which induces endothelial cell proliferation and
migration. In human breast tumors, overexpression of ErbB2 is correlated with in-
creased VEGF expression and the transcription factor hypoxia-inducible factor-1�
has been postulated to mediate the ErbB2 upregulation of VEGF.22 It is conceiv-
able that the molecular mechanism of action of curcumin is quite complicated and
dispersed. The primary target of curcumin could be on the plasma membrane where
the activity of PKC is first inhibited.52 In addition, the activity of EGF receptor ty-
rosine kinase is also inhibited.55 Some PKC-mediated nuclear protein factors, such
as I�B kinase and NF-�B, are then inhibited through various signal transduction
pathways. The TRE-binding activity of c-Jun/AP-1 is then repressed47 and, finally,
the transcription of genes essential for cell proliferation are suppressed, as indicated
by the inhibition of related enzymes such as ornithine decarboxylase, PKC, COX
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and LOX. It appears that activation of calcium-dependent protein kinases (such
as PKC) or inhibition of protein phosphatases results in tumor promotion.72 In
the case of tumor promoters, it appears that a common final effect is to increase
the phosphorylation of the protein substrate on serine or threonine residues. It
appears that when any essential component of a signal transduction pathway is
rendered hyperactive or autonomous, it might acquire the ability to drive the cell
into unchecked proliferation and lead to tumor promotion. Curcumin might atten-
uate or suppress the hyperactivity of these components of signal transduction and
maintain the normal cell function.73
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CELL GROWTH REGULATION
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Abstract: Curcumin, the active ingredient of turmeric (Curcuma longa) used in
culinary and medical practices in Asia, has immense potential for being used in
cancer chemotherapy because of its control over the cell growth regulatory mech-
anisms. The present chapter throws light on the role of curcumin in modulating
the various phases of the cell cycle and its apoptosis-inducing effects. This is fol-
lowed by a discussion on the implications of these effects of curcumin for its use
as a chemotherapeutic agent in cancer. Curcumin affects various cell cycle pro-
teins and checkpoints involving downregulation of some of the cyclins and cyclin-
dependent kinases, upregulation of cdk inhibitors, and inhibition of DNA synthesis.
In addition, curcumin also exerts indirect control over cell division such as inhi-
bition of telomerase activity. Remarkably, some studies point toward a selective
growth-inhibitory effect of curcumin on transformed cell lines compared to non-
transformed cell lines. Curcumin has also been demonstrated to have proapoptotic
effects in several in vitro studies, mostly through the mitochondria-mediated path-
way of apoptosis. Curcumin-mediated regulation of apoptosis involves caspases,
Bcl2 family members, inhibitors of apoptosis proteins, and heat shock proteins.
The accumulating data on the in vitro and in vivo actions of curcumin together with
the ongoing human clinical trials will provide a better understanding of curcumin-
mediated cell growth regulation, ultimately catering to the needs of human welfare.

1. INTRODUCTION

In multicellular organisms, mutations in somatic cells affecting genes that control
cell proliferation and apoptosis often lead to the development of tumors. Even
though tumors are diverse and heterogeneous, they have commonly lost or mod-
ified the mechanisms that normally regulate cell proliferation and death. Thus,
a logical approach to ensure selectivity of antitumor agents is to target critical
factors that regulate cell growth, proliferation, and apoptosis. Increasing evidence
suggests that a variety of plant-derived natural compounds can target the basic
machinery of DNA synthesis and cell division responsible for deregulated prolif-
eration and apoptosis in cancer cells. Curcumin is the yellow pigment and active
ingredient of turmeric (Curcuma longa rhizomes) that is commonly used as a
spice in Asia. Turmeric is well known for its medicinal properties in Indian and
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Figure 1. Molecular mechanisms involved in the regulation of the cell cycle by curcumin.

Chinese systems of medicine and has been widely used for the treatment of sev-
eral diseases.1 Epidemiological observations, although inconclusive, suggest that
turmeric consumption might reduce the risk of some forms of cancer and might
render other protective biological effects in humans. These biological effects of
turmeric have been attributed to its constituent curcumin that has been widely
studied for its anti-inflammatory, antiangiogenic, antioxidant, wound-healing, and
anticancer effects.2 The present chapter throws light on the role of curcumin in
modulating the various phases of the cell cycle and its apoptosis-inducing effects.
This is followed by a discussion on the implications of these effects of curcumin
for its use as a chemotherapeutic agent in cancer. Curcumin-mediated effects on
the cell cycle are outlined in Figure 1.

2. CURCUMIN AND THE CELL CYCLE

Curcumin affects many cell cycle proteins and checkpoints, which are crucial
in regulating cell proliferation. Curcumin is said to influence cell cycle by the
downregulation of cyclin D1, inhibition of DNA synthesis, upregulation of p53
and Kip family cdk inhibitors like p21WAF1/CIP1 and p27KIP1 and inhibition of
NF-�B.

2.1. Direct Targets of Curcumin in the Cell Cycle

2.1.1. G0/G1 Phase

The proliferation of rat calvarial osteoblastic cells was markedly inhibited by
curcumin at 5–10 �M and it did not induce apoptosis but arrested cells at the
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G1 phase of the cell cycle. In addition, curcumin stimulated the expression of
mRNA for p21WAF1/CIP1, which inhibits the activity of cyclin-dependent kinases,
and inhibited the phosphorylation of histone H1.3 HBC (4-[3,5-bis-[2-(4-hydroxy-
3-methoxy-phenyl)-ethyl]-4,5-dihydro-pyrazol-1-y l]-benzoic acid) is a recently
developed curcumin derivative that exhibits potent inhibitory activities against the
proliferation of several tumor cell lines. HBC induced prolonged phosphoryla-
tion of ERK1/2 and activated p21WAF1/CIP1 expression, resulting in the induction
of G0/G1 cell cycle arrest in HCT15 colon cancer cells.4 Curcumin reversibly
inhibits normal mammary epithelial cell cycle progression by downregulating cy-
clin D1 expression and blocking its association with Cdk4/Cdk6 as well as by
inhibiting phosphorylation and inactivation of retinoblastoma protein. In addi-
tion, curcumin significantly upregulates p21WAF1/CIP1 in normal cells and arrests
them in the G0 phase of the cell cycle that facilitates these cells to escape from
curcumin-induced apoptosis at the G2 phase. Interestingly, these processes remain
unaffected by curcumin in carcinoma cells that express high levels of cyclin D1.
Similarly, in an ectopically overexpressed system, curcumin cannot downregulate
cyclin D1 and thus block cell cycle progression. Hence, these cells progress into
the G2 phase and undergo apoptosis.5 In U937 cells, the levels of cyclin D1 mRNA
and protein were decreased upon treatment with curcumin, by preventing nuclear
translocation of nuclear factor (NF)-�B and by the upregulation of BTG2, a neg-
ative transcriptional regulator of cyclin D1.6 Activation of PPAR-� (peroxisome
proliferator-activated receptor-� ) by curcumin inhibits cell growth in a human
colon cancer-derived cell line (Moser cells) by suppressing cyclin D1 and EGFR
(epidermal growth factor receptor) expression.7 Curcumin induces G1 phase ar-
rest in embryonal carcinoma (PCC4) cells, followed by their differentiation.8 In
silica-induced injury on human embryonic lung fibroblasts, inhibition of activator
protein (AP)-1 activity by cucumin resulted in a reduced induction of cyclin D1 and
CDK4.9 Curcumin prevents cell growth of HTLV-I-infected T-cell lines and pri-
mary ATL cells but not of normal peripheral blood mononuclear cells by inhibiting
phosphorylation of I�B-� kinase (IKK), thus suppressing the action of NF-�B. Cell
cycle arrest, with the reduction in the expression of cyclin D1, Cdk1, and Cdc25C
was observed.10 Other observations on curcumin-induced G1 phase arrest and/or
cyclin D1 downregulation through inhibition of NF-�B have been reported in blad-
der cancer cells,11 human lung epithelial cells,12 and human multiple myeloma
cells.13

2.1.2. G1/S Phase

In human umbilical vein endothelial cells (HUVEC), curcumin effectively blocked
the cell cycle progression during the S phase by inhibiting the activity of thymi-
dine kinase. A [3H]-thymidine incorporation assay revealed a curcumin-mediated
inhibition of DNA synthesis and accumulation of >46% cells in the early S phase.
Pulse-labeling studies with [3H]-thymidine demonstrated that curcumin affected
cells that were actively undergoing DNA synthesis.14 Similarly in rat aortic smooth
muscle cells (A7r5), curcumin treatment (1–100 �M) significantly decreased the
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uptake of [3H]-thymidine in a concentration-dependent manner.15 Loss of thymi-
dine kinase activity might be one of the possible mechanism(s) for the inhibition of
DNA synthesis activity by curcumin. In human Burkitt’s lymphoma (CA46) cells,
curcumin inhibits proliferation, associated with a decrease in the cell population
in the S phase.16 In head and neck squamous cells (HNCCs), curcumin arrested
the cell cycle in the G1/S phase by the inhibition of IKK and NF-�B that resulted
in suppression in the expression of various cell survival and cell proliferative
genes, including Bcl-2, cyclin D1, interleukin (IL)-6, cyclooxygenase (COX)-2,
and matrix metalloprotenase (MMP)-9.17 Curcumin-induced arrest of mantle cell
lymphoma cells in the G1/S phase by inhibiting constitutive NF-�B activation has
also been reported.18 Human colon cancer cells (Lovo), upon curcumin treatment,
exhibited cell cycle arrest largely in the S and G2/M phases, preventing the entry
into the next phase of the cell cycle.19

2.1.3. G2/M Phase

There are several reports of curcumin-induced G2/M phase arrest, the exact mech-
anism of which is, however, not well understood. Curcumin induces G2/M phase
arrest in colon cancer (HCT-116) cells with a decline in the levels of cyclin D and
E, whereas the level of cyclin B remains unaffected.20 Studies by Grimm and col-
leagues show that curcumin induces melanoma cell apoptosis and cell cycle arrest
at the G2/M phase, which is associated with the downregulation of inducible ni-
tric oxide synthase (iNOS), NF-�B, and DNA-dependent protein kinase catalytic
subunit expression and upregulation of p53, p21WAF1/CIP1, p27KIP1, and check-
point kinase 2.21 In a gene expression profiling study on two human colon cancer
cell lines (HT29 and Caco-2), short-term exposure (3–6 h) to curcumin induced
expression changes of many genes, including those that control cell cycle pro-
gression. Especially in HT29 cells, several genes regulating the transition through
the G2/M phases were modulated. FACS analysis showing cell cycle arrest at the
G2/M transition phase arrest augments these data.22 Curcumin treatment causes
p53- and p21WAF1/CIP1-independent G2/M phase arrest and apoptosis in HCT 116
cells. Further investigation revealed that curcumin induced caspase-3-mediated
degradation of �-catenin, thereby decreasing promoter DNA-binding activity of
the �-catenin/Tcf-Lef complex, thereby decreasing Cdc2/cyclin B1 kinase ac-
tivity, which explains the G2/M phase arrest.23 In a recent study on squamous
cell carcinoma, curcumin (3.5 �M) has been reported to induce S/G2M phase
cell cycle arrest, the stages at which chemotherapy is more effective, thus sen-
sitizing these cells to the ionizing effects of radiation.24 In breast cancer (MCF-
7) cells, curcumin (10–20 �M, 24–48 h) treatment arrested cell growth at the
G2/M phase. Although this concentration is not sufficient to induce apoptosis, it
is highly effective in inhibiting cell proliferation for over 6 days. The arrested mi-
totic cells exhibit monopolar spindles, and chromosomes do not undergo normal
anaphase movements. After 48 h, most cells eventually leave the M phase, and
many form multiple micronuclei instead of individual daughter nuclei.25 These
observations indicate that curcumin induces the assembly of aberrant, monopolar
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spindles that are impaired in their ability to segregate chromosomes. The pro-
duction of cells with extensive micronucleation after curcumin treatment suggests
that at least some of the cytostatic effects of this phytochemical are due to its
ability to disrupt normal mitosis. This raises the possibility that curcumin might
promote genetic instability under some circumstances. This shows that curcumin
induces a mitotic catastrophelike death in this cell line. This observation can have
potential implications in improvising the efficacy of existing anticancer therapy.
This is because, in contrast to treatment-induced physiological antiproliferative
responses such as apoptosis and senescence, mitotic catastrophe is potentiated by
cellular changes that occur in neoplastic transformation. Therefore, it is indeed a
promising area for further studies towards achieving tumor selectivity in anticancer
therapy.

2.2. Indirect Targets of Curcumin in Cell Cycle

Apart from controlling the molecules directly involved in the cell cycle, curcumin
affects several signaling pathways and enzymes that indirectly have a role in regu-
lating the cell cycle. A gene expression profiling study, aimed at identifying novel
targets of curcumin among the 12,625 probes analyzed, using MDA 1986 cell
line made the following observations: Among other genes affected, two negative
regulators of the cell cycle—mad (antagonizes myc transcriptional activity) and
p27Kip1 (a cdk inhibitor)—were induced 68- and 3-fold, respectively. Two addi-
tional genes involved in growth control—K-sam and HER3—and that of E2F-5
(a transcription factor that regulates genes controlling cell proliferation) were also
upregulated.26 It was reported that curcumin inhibits telomerase activity in human
breast cancer cells (MCF-7) in a dose-dependent manner, with 93.4% inhibition of
activity at 100 �M curcumin. Such a growth regulatory effect of curcumin has been
found to be exerted by downregulating the expression of human telomerase reverse
transcriptase (hTERT).27 It is not clear how exactly curcumin targets telomerase
activity and whether telomerase inhibition is a cause or consequence of apoptotic
cell death. As constitutive telomerase activity is a characteristic feature of tumor
cells, further studies on this unique activity of curcumin might unravel a selective
antitumor potential of this phytochemical. Such compounds are expected to show
specificity toward cancer cells, highlighting their superiority in anticancer therapy
compared to their counterparts. Curcumin also inhibits the activity of enzymes like
ornithine decarboxylase,28,29 protein kinase C (PKC),15,30 COX and lipoxygenase
(LOX),31 and oxidative enzymes such as �-carotene-15,15′-dioxygenase.32 Cur-
cumin inhibited ErbB-2 autophosphorylation and transphosphorylation in vitro in
a concentration-dependent manner and depleted the p185neu protein in vivo in hu-
man breast cancer cells.33 In one study, it was reported that curcumin inhibited
cellular growth of both transformed and nontransformed cell lines in a nonselective
manner and inhibition of cell growth was not always associated with apoptosis.34

However, other studies on nontransformed cell lines support the finding that cur-
cumin has no effect on their growth.35 Similarly, curcumin did not inhibit growth
in primary cultures of mouse embryonic fibroblasts and human foreskin fibroblasts
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when it did so in tumor cell lines.36 Curcumin inhibits proliferation and induces
apoptosis in human B-cell non-Hodgkin’s lymphoma (Raji cells) while showing no
apparent inhibition of proliferation and apoptosis induction in normal peripheral
blood mononuclear cells.37 Improved understanding of this differential activity in
transformed and nontransformed cells is very essential in the light of the clinical
application of curcumin in anticancer therapy. Further studies are needed to draw
a general conclusion about its selectivity to cancer cells.

3. CURCUMIN-INDUCED APOPTOSIS

Apoptosis is a highly regulated cell death process, which efficiently eliminates
unwanted cells in multicellular organisms in a programmed manner. The relative
expression levels and/or activities of the proapoptotic (Bax, Bid, Bak, p53, active
caspases) and antiapoptotic (Bcl-2, IAPs, heat shock proteins) molecules in the
intracellular milieu determine the survival status of a cell. Curcumin is a potent
inducer of apoptosis and induces typical features of apoptosis, such as phosphatidyl
serine exposure, cell shrinkage, chromatin condensation, and DNA fragmentation
in several cell lines. Curcumin-mediated cell death involves the downregulation
of cell survival genes such as NF-�B, egr-1, c-myc, and Bcl-XL or upregulation of
cell-death-promoting genes such as p53 and Bax. There are reports of apoptosis
induction by curcumin through both the extrinsic and intrinsic pathways.38

3.1. Effects on the Extrinsic Pathway

In human melanoma cells, curcumin activated caspase-3 and caspase-8, but
not caspase-9, and it induced Fas receptor aggregation in a FasL-independent
manner. Several conditions, including the presence of caspase-8 inhibitors,
low-temperature incubation (known to prevent receptor aggregation), and
expression of dominant negative Fas associated protein with death domain
(FADD), prevented curcumin-mediated cell death induction, strongly supporting
the involvement of extrinsic pathway in curcumin-mediated apoptosis in human
melanoma cells.39 In gastric (KATO-III) and colon cancer (HCT-116) cells,
curcumin stimulates the activity of caspase-8 and the cleavage of caspase-3 and
poly (ADP) ribose polymerase (PARP) (a caspase-3 substrate).40 Curcumin was
reported to inhibit cell proliferation and induce apoptosis in human Burkitt’s
lymphoma cells (CA46) by upregulating Fas receptor expression, among its other
effects.16 However, evidence of curcumin-mediated induction of apoptosis by
the death receptor pathway are limited. Also, to show conclusively that curcumin
acts through Fas signaling, synthesis of FasL should be evident before the cells
become apoptotic and cytotoxicity should be inhibited by manipulations that
block FasL–Fas and FADD–procaspase-8 interactions and cells that lack Fas
should fail to respond to the drug. Unfortunately, such rigorous evidence of the
involvement of Fas signaling in response to curcumin is not available.
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3.2. Effects on the Intrinsic Pathway

Mitochondria play a pivotal role in the induction of apoptosis through the intrinsic
pathway. DNA damage, ischemia, and oxidative stress are examples of apoptotic
signals that lead to cell death through the mitochondria. The mitochondrial pathway
of apoptosis involves the permeabilization of the mitochondrial outer membrane,
opening of the permeability transition pore, and release of apoptotic factors like
cytochrome-c, Smac, and apoptosis including factor (AIF) from the mitochondrial
intermembrane space. This ultimately results in the activation of caspases, the ex-
ecutioners of cell death, and cleavage of their myriad substrate proteins like PARP
and lamins. Curcumin induces the loss of ��m , changes in mitochondrial perme-
ability, and release of apoptogenic factors from the mitochondrial intermembrane
space in many cell lines, thus proving to be a potent proapoptotic signal. There
have also been several reports of curcumin-mediated regulation of proapoptotic and
antiapoptotic molecules, shifting the balance toward cell death. Our laboratory re-
ported that metastatic colon cancer cells were more sensitive to curcumin-induced
apoptosis than their counterparts from the primary sites of tumor of the same
patient.41 In primary effusion lymphoma (PEL) cells, curcumin induces a loss of
��m , subsequent cytochrome-c release, caspase-3 activation, and PARP cleav-
age, suggesting the involvement of the intrinsic pathway of apoptosis.42 In rat liver
mitochondria, curcumin induced an increase in membrane permeability, resulting
in swelling, ��m , and inhibition of ATP synthesis, and these effects of curcumin
were found to be due to the opening of the permeability transition pore.20 Cur-
cumin induces apoptosis through the mitochondrial pathway involving caspase-8
(blocked by dominant negative FADD-like-IL-1beta-converting enzyme (FLICE),
but not by dominant negative FADD), Bcl-2 interacting domain (BID) cleavage,
cytochrome-c release, and caspase-3 activation in HL-60 cells.43 In HL-60 cells,
the Bcl-2 protein level decreased to 30% after 6 h of curcumin treatment and a fur-
ther 6 h of treatment subsequently reduced it to 20%.44 Overexpression of Bcl-2 or
Bcl-XL in HL-60 cells results in either a blockage or a delay in curcumin-induced
cytochrome-c release, activation of caspase-8 and caspase-3, and cleavage of BID
and PARP.43 Studies from our laboratory have shown that curcumin induces ac-
tivation of caspase-3 and capase-9 and AIF release in human colon cancer cells
(SW480) and these effects were reversed by the overexpression of Hsp70 and re-
stored by the introduction of antisense Hsp.41,45 Further, our studies revealed that
downregulation of Bcl-XL and Ku70 (known to suppress the apoptotic transloca-
tion of Bax) increased their sensitivity toward curcumin-induced nuclear conden-
sation and cell death.46 Also, overexpression of these proteins resulted in protection
by inhibition of release of cytochrome-c, Smac (second mitochondria-derived ac-
tivator of caspases), and AIF, as well as the activation of caspase-9, caspase-8, and
caspase-3.46 In a human ovarian cancer cell line (Ho8910), curcumin treatment (40
�M) suppresses cell growth and induces apoptosis, accompanied by a decrease in
the expression of Bcl-2, Bcl-XL and pro-caspase-3 and an increase in the levels
of p53 and Bax.47 In human lung cancer cell lines (A549 and H1299), a decrease
in the expression of Bcl-2 and Bcl-XL protein occurs with a 12-h exposure of
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40 �M curcumin.48 In smooth muscle cells (A7r5), a significant reduction in Bcl-
2 mRNA was detected with curcumin.15 In contrast, in AK-5 cells49 and Ehrlich’s
ascites carcinoma cells,50 curcumin treatment does not seem to affect the levels of
Bcl-2. However, in the latter case, in spite of Bcl-2 levels remaining unaffected,
the intracellular protein level of Bax is found to be upregulated upon the introduc-
tion of curcumin, suggesting that curcumin-mediated cytochrome-c release and
apoptosis in Ehrlich’s ascites carcinoma cells bypass the Bcl-2 checkpoint over-
riding its protective effects. Our laboratory reported an important role for Bax in
the curcumin-induced mitochondrial apoptosis pathway. In HCT116 cells lack-
ing Bax (Bax−/−), curcumin-induced activation of caspase-9 and caspase-3 was
blocked, whereas that of caspase-8 remained unaltered. Further, Bax−/− cells re-
sisted curcumin-induced release of cytochrome-c, AIF, and Smac. Reintroduction
of Bax, downregulation of Bcl-XL, and overexpression of Smac highly sensitized
the Bax−/− cells to curcumin-induced apoptosis.51 In human colon adenocarci-
noma (HT-29), incubation of cells with 50 �M curcumin (0–24 h) resulted in a time-
dependent downregulation of Bcl-2 as well as upregulation of Bax, pro-caspase-9
and pro-caspase-3 gene expression, in a p53-dependent manner, suggesting the in-
volvement of the intrinsic pathway.52 Inhibitors of apoptosis proteins (IAPs) bind
and inhibit caspases, and studies on human melanoma cells reported suppression
of XIAP upon curcumin treatment.39 A study on HTLV-1-infected T-cell lines re-
ported that curcumin induced cell cycle arrest, followed by apoptosis by reducing
the expression of XIAP and survivin.10 Binding of Smac (released from mitochon-
dria) to IAPs can block their inhibition over caspases. Zheng et al reported that
transfection of extrinsic Smac gene sensitized gastric cancer cells (MKN-45) to
curcumin-induced apoptosis.53 Major mechanisms by which curcumin is known
to induce extrinsic and intrinsic pathways of apoptosis are listed in Table 1.

3.3. Protective Effects of Curcumin on Apoptosis

In contrast to the proapoptotic effects of curcumin, some reports suggest that it
inhibits apoptosis induced by other agents. Curcumin (30 mg/kg body weight
i.p. injections or 2 g/kg of diet for 2 months) exhibited neuroprotective effects
against cerebral ischemia-induced neuronal apoptosis and behavioral deficits
in experiments on Mongolian gerbils. Curcumin administration decreases lipid
peroxidation, mitochondrial dysfunction, and apoptotic indices such as a decrease
in ��m , �cytochrome-c release, and caspase-3 activation.54 In human proximal
tubule epithelial cells, curcumin exhibited a cytoprotective effect against shiga
toxin-induced injury, which was proposed by the authors to be probably due
to increased expression of Hsp70.55 An antiapoptotic chondroprotective role
of curcumin was observed in articular chondrocytes by reversing the effects of
IL-1�. IL-1 � is a proinflammatory cytokine that mediates cartilage degradation
in osteoarticular disorders like osteoarthritis and rheumatoid arthritis, thereby ac-
tivating matrix-degrading enzymes, leading to chondrocyte apoptosis. Curcumin
treatment (50 �M) for 30 min relieved IL-1�-induced matrix degradation and
caspase-3 activation.56
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Table 1. Apoptotic pathways and mechanisms induced by curcumin.

PATHWAYS OF
APOPTOSIS CELLS/TISSUES MECHANISMS REFS.

Extrinsic pathway Human melanoma Caspase-3 and caspase-8 activation

Fas receptor aggregation

39

Gastric (KATO-III)

Colon (HCT-116)

Caspase-3 and caspase8

activation

PARP cleavage

40

Human Burkitt’s

lymphoma (CA46)

Fas receptor expression 16

Intrinsic pathway Rat liver mitochondria Mitochondrial swelling, increase in

permeability, loss of ��m

20

Human acute

myelogenous

leukemia (HL-60)

Caspase-8 activaion (not blocked by

FADD), caspase-3 activation,

cytochrome c release, BID and

PARP cleavage

43

Decrease in Bcl-2 protein 44

Human colon cancer

(SW480)

Caspase-3 and caspase-9 activation,

AIF release

41

Human ovarian cancer

(Ho8910)

Decrease in Bcl-2, Bcl-XL

expression, Increase in p53 and

Bax expression

47

Human lung cancer

(A549 and H1299)

Decrease in Bcl-2, Bcl-XL expression

(p53 independent)

48

Primary effusion

lymphoma (PEL)

Loss of ��m,, Cyt c release,

Caspase-3 activation, PARP

cleavage

42

Vascular smooth

muscle (A7r5) cells

Decrease in Bcl-2 mRNA 15

Ehrlich’s ascites

carcinoma

Bax protein upregualtion 50

Human colon cancer

(HCT116)

Caspase-3 and caspase-9 activation,

caspase-8 unaffected (blocked in

Bax knockouts)

51

Human colon

adenocarcinoma

(HT-29)

Downregulation of Bcl-2,

upregulation of Bax, caspase-3 and

caspase-9 gene expression (p53

dependent)

52

Human melanoma Suppression of XIAP 39

HTLV-1 infected

T-cell leukemia

Suppression of XIAP and survivin

expression

10

Rat histiocytoma

(AK-5)

ROS generation, sytochrome-c release 64

3.4. Influence of Oxidation Status of the Cells on the Actions of Curcumin

One of the well-known biological activities of curcumin is its antioxidant activ-
ity, by virtue of which it protects the cells from oxidative damage induced by
reactive oxygen intermediates. The antioxidant effects are due to its ability to
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be a potent scavenger of a variety of reactive oxygen species (ROS), including
the superoxide anion, the hydroxyl radical, the singlet oxygen, nitric oxide, and
peroxynitrite by forming stable curcumin dimers upon radical binding57,58 and
inhibiting ROS-induced DNA damage.59,60 Turmeric lowers lipid peroxidation by
enhancing the activities of antioxidant enzymes, superoxide dismutase, catalase,
and glutathione peroxidase.61 The ability of curcumin to enhance intracellular
glutathione levels is also attributed to its antioxidant property.62 Interestingly,
a pro-oxidant property has also been attributed to curcumin, which explains its
proapoptotic activity in many cases. The pro-oxidant DNA cleaving activity is
reported to be due to binding of Cu(II) at three proposed sites in the curcumin
molecule.63 In human leukemia cells (HL 60), curcumin-induced apoptosis has
been reported to be effectively abrogated by the antioxidants N -acetyl-l-cysteine
(NAC), l-ascorbic acid, �-tocopherol, catalase, and superoxide dismutase.44 In
rat histiocytoma (AK-5), there is evidence of curcumin-mediated apoptosis via
generation of ROS with subsequent release of cytochrome-c.64 Moreover, cur-
cumin being lipophilic, it can collapse the ��m and increase the permeability
of the mitochondrial membrane for protons, thus interfering with the energy-
coupling system in the mitochondria. This leads to the generation of abnormal
levels of superoxide radicals, which has been reported to correlate with the sen-
sitivity towards curcumin-induced apoptosis.65,66 In fact, dietary curcumin can
cause oxidative stress in Asian patients with acute vitilago.67 Studies on colon
cancer cells show that curcumin induces apoptosis via a ROS-associated mech-
anism that converges on JNK activation and, to a lesser extent, via a parallel
ceramide-associated pathway.68 In a study on the influence of intracellular glu-
tathione levels on curcumin-induced apoptosis, Syng-Ai et al. reported that de-
pletion of glutathione levels (which resulted in the increased generation of ROS)
sensitizes tumor cells to curcumin-induced apoptosis.69 There is a report on the in-
hibition of drug-induced apoptosis by curcumin through the inhibition of ROS
formation and consequent blockade of JNK function in human breast cancer
cells.70 Similarly, another antioxidant, resveratrol, also inhibits anticancer drug-
induced caspase activation, DNA fragmentation, and translocation of cytochrome-
c in human leukemia cells.71 In addition, curcumin (50 �M) inhibits apoptosis
in dexamethasone-treated rat thymocytes accompanied by partial suppression of
AP-1 activity.72 An obvious question that follows this observation is whether a re-
verse approach of using pro-oxidants in combination with anticancer drug therapy
can enhance the sensitivity of these anticancer drugs. Such studies would reveal
valuable insights into developing combination therapies in cancer treatment to
combat factors such as multidrug resistance. Presumably, the microenvironment
in a cell that alters the oxidation status of a cell at a given time point and con-
ditions determines the pro-oxidant or antioxidant mode of action of curcumin in
vivo. Thus, it is possible that, the redox action of curcumin in inducing apoptosis
is determined by the intracellular oxidation status and manipulating this status
could possibly have implications in the sensitization of curcumin-based therapies
in tumor cells.
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4. INFLUENCE OF CURCUMIN ON SIGNALING PATHWAYS

4.1. NF-�B Signaling

Nuclear factor-�B, an important intracellular target of curcumin, is actually a
family of dimeric transcription factors that, upon activation, translocate to the
nucleus and controls over 200 genes that regulate the immune system, cell growth,
proliferation, angiogenesis, metastasis and inflammation.73 Curcumin was shown
to inhibit the NF-�B activation pathway at a step before I�B-� phosphorylation
induced by various stimuli.74,75 A recent study has shown that curcumin suppresses
tumor necrosis factor (TNF)-�-induced activation of NF-�B (by inhibiting the
nuclear translocation of the p65 subunit) and Akt (an activator of NF-�B).76 This
is bound to affect the expression of its downstream targets associated with the cell
cycle (cyclin D1) and apoptosis (antiapoptotic molecules IAP-1, IAP-2, XIAP,
Bcl-2, Bcl-XL, Bfl-1/A1, TRAF1, and FLIP-like inhibitory protein), among others.
Studies on melanoma cell lines show that curcumin exhibits antiproliferative and
proapoptotic effects by suppressing I�B kinase and NF-�B activity, independent
of the B-Raf/MEK/ERK and Akt pathways.77 Glutathione-S-transferase P1-1
(GSTP1-1), a cytosolic enzyme involved in the detoxification of xenobiotics, is
implicated in tumor progression and drug resistance. Curcumin induces apoptosis
in K562 leukemia cells by downregulating GSTP1-1 mRNA and protein levels by
inhibiting TNF-� and phorbol ester-induced AP-1 and NF-�B transcription factor
binding to the GSTP1-1 gene promoter.78 (In a human breast cancer xenograft
model, dietary administration of curcumin significantly decreased the incidence
of breast cancer metastasis to the lung and suppressed the expression of NF-�B.79

We stably transfected mouse fibrosarcoma (L-929) cells with relA gene (a subunit
of NF-�B) and found that the transfected cells were resistant to varying doses
of curcumin, whereas the untransfected parent cells were sensitive to curcumin-
induced apoptosis in a concentration-dependent manner.80 Deeb et al. reported that
curcumin enhanced the sensitivity of prostate tumor cells to TNF related apoptosis-
inducing ligand (TRAIL) by inhibiting NF-�B activation through the blockade
of phosphorylation of I�B-� and its degradation.81,82 We reported that curcumin
sensitizes cervical cancer cells (HeLa) to Taxol-induced apoptosis by the down-
regulation of NF-�B via inhibition of Akt, a Ser/Thr kinase.83

4.2. p53 Signaling

The intracellular activity of p53, often referred to as the “guardian of genome” with
separable cell cycle arrest and proapoptotic activities, is regulated by phosphory-
lation and other posttranslational modifications. Many studies assign a cell-type-
dependent role for curcumin in stabilizing and upregulating intracellular levels
of this tumor suppressor protein. In colon adenocarcinoma (HT29) and human
ovarian carcinoma (Ho-8910) cells, curcumin upregulates the level of phospho-
p53 (Ser 15) in a time- and concentration-dependent manner, associated with the
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regulation of apoptosis-related proteins Bax and Bcl-2.47,52,84 CK2 and PKD are
protein kinases, which are associated with a complex called CSN (COP9 signalo-
some). CSN is involved in the phosphorylation of p53 at Thr-155, directing it to 26S
proteasome, resulting in the ubiquitin-mediated degradation of p53. It is reported
that curcumin inhibits CK2 and PKD activities, thus stabilizing p53 levels inside
the cell.85 A recent study on mammary epithelial cells that express deregulated
levels of cyclin D1 reveals the involvement of curcumin in selectively inducing
apoptosis of the cancerous cells at the G2 phase in a p53-dependent manner.5 How-
ever, p53-independent induction of apoptosis by curcumin in human lung cancer
cell lines (A549 and H1299) has also been reported recently.27 Similarly, curcumin
treatment causes p53- and p21-independent apoptosis in HCT-116 cells.23

4.3. JAK–STAT Signaling

In PEL cells that exhibit a constitutively active JAK–STAT pathway, curcumin in-
duces growth suppression and apoptosis by inhibiting the JAK–STAT pathway.42

Curcumin-mediated apoptosis occurs through the suppression of the JAK–STAT
pathway in a dose-dependent manner in HTLV-1 transformed T-cell leukemia
(MT-2, HuT-102, SLB-1).86 Curcumin inhibits IL-6-mediated as well as constitu-
tive phosphorylation of STAT3 and its nuclear translocation in multiple myeloma
cells.87

4.4. Other Signaling Intermediates

Other intracellular factors that influence the course of curcumin-induced apoptosis
are transcription factors like AP-1, several adhesion molecules, kinases such as
receptor tyrosine kinases, mitogen-activated protein kinasea (MAPKs), and c-jun
N-terminal kinases (JNKs). In a recent study on human papilloma virus (HPV)
infection-associated cervical cancer cells, it has been reported that curcumin plays
a role in downregulating the viral oncogenes and preventing NF-�B and AP-1
translocation, followed by induction of apoptosis.88 In HTLV-1-transformed T-cell
leukemia, curcumin suppressed the constitutive activation of AP-1 (a transcription
factor playing a critical role in the oncogenesis of this cancer) by downregulation
of JunD protein.89 In contrast, another study reported AP-1 as an inducer of bile
acid-induced liver cell apoptosis and curcumin is shown to inhibit AP-1 transcrip-
tional activity.90 Chen et al. reported that curcumin inhibits the MEKK1–JNK
signaling pathway, thus revealing a possible mechanism of its inhibition of AP-1
and NF-�B signaling by curcumin 91 Recently, studies on acute T-cell leukemia
revealed that curcumin inhibits proliferation and induces apoptosis in these cells by
constitutively suppressing the activated targets of the PI3K/AKT pathway.92 One
of the mechanisms of curcumin-mediated inhibition of prostate cancer cells might
be via inhibition of Akt.93 In a cDNA array-based differential gene expression to
identify novel genes regulated by curcumin upon treatment of MDA 1986 cells
(squamous cell carcinoma of the oral cavity cell line), Yan et al. reported that of the
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12,695 probes analyzed, close to 700 mRNAs showed a response to curcumin.26

Of this, a proapoptotic activating transcription factor 3 (ATF3) was induced greater
than fourfold. Two negative regulators of growth control—Mad (antagonizer of
myc transcriptional activity) and p27KIP1 (a CDK inhibitor)—were induced 68-
fold and 3-fold, respectively. K-sam (keratinocyte growth factor receptor), HER3
(an EGFR family receptor), and E2F-5 transcription factor (which regulates cell
proliferation) were downregulated. Moreover, Frizzled-1 (Wnt receptor) was most
strongly repressed, suggesting a role for curcumin in the regulation of the prosur-
vival Wnt signaling pathway. In fact, an earlier study reported caspase-3-mediated
cleavage and impairment of �-catenin (a downstream element of Wnt signaling)
upon curcumin treatment, suggesting its action upon the Wnt signaling pathway.23

Korutla and Kumar reported curcumin-induced reduction in the EGF receptor ty-
rosine kinase activity by 90% in a time- and dose-dependent manner in human
epidermoid carcinoma (A431) cells, accompanied by inhibition of EGF-induced
phosphorylation of EGF receptors.94 Studies on human colon cancer cells suggest
a role for curcumin in the suppression of transcription of EGFR by reducing the
transactivation activity of the transcription factor early growth response-1 (egr-1)
and also by reducing the expression of egr-1.95 In HCT116 cells, curcumin treat-
ment leads to transcriptional induction of GADD153 protein, an early-response
gene to cellular stress. This is followed by induction of apoptosis that occurred in-
dependent of MAPKs.96 In another study on the same cell line Collett and Campbell
reported a MAPK-dependent curcumin-mediated induction of apoptosis.97 They
report that JNK, not p38 MAPK or ERK, is primarily responsible for the induction
of apoptosis in HCT116, which is preceded by sustained phosphorylation of c-jun,
increased AP-1 transcriptional activity, and inhibition of the transcriptional ac-
tivity of NF-�B. Curcumin stimulated PPAR-� activity in activated HSC (hepatic
stellate cells) in vitro, which was required for curcumin to reduce cell proliferation,
induce apoptosis, and suppress ECM (extracellular matrix) gene expression. Fur-
ther experiments demonstrated that curcumin suppressed the gene expression of
TGF-� (transforming growth factor-�) receptors and interrupted the TGF- � sig-
nalling pathway in activated HSC, which was mediated by PPAR-� activation.98,99

A study on ovarian cancer cells (A2780) reported that the growth regulatory effects
of curcumin are probably the result of downregulation of bcl-2 and p53.100 The
proapoptotic activity of curcumin in vascular smooth muscle cells has been pro-
posed to be mediated, at least partly, through inhibition of protein tyrosine kinase
activity, PKC activity, c-myc, and bcl-2 mRNA expression.15 Various signaling
intermediates known to be targeted by curcumin are shown in Figure 2.

5. IMPLICATIONS FOR CANCER THERAPY

The main aim of cancer therapy is to kill cancer cells selectively by apoptosis,
without affecting the normal cells. Apoptosis is favored over necrosis because it is
not associated with inflammation and does not damage the neighboring tissues. It
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Figure 2. The molecular players involved in the induction of apoptosis by curcumin.

is therefore important to understand the mechanisms responsible for drug-induced
apoptosis. Tumor cells evade apoptosis by one of the following mechanisms: up-
regulation of antiapoptotic factors like bcl-2, bcl-XL, NF-�B, Ku 70, IAPs, and
heat shock proteins or downregulation or mutation of proapoptotic factors like
Bax and p53. Tumor progression might also be associated with upregulation of
cell cycle proteins like cyclins, cdks, or oncogenes like c-myc and egr-1. Thus,
an effective strategy of cancer chemotherapy is to target these lesions either by
upregulation of proapoptotic molecules or targeted downregulation of antiapop-
totic proteins. Our studies on human colon cancer (SW480) cells suggests that
heat shock protects these cells from curcumin-mediated apoptosis by blocking
the release of cytochrome-c and Smac and reducing activation of caspases 9 and
caspase-3, but not caspase-8.41 From another study, we also reported that ectopic
expression of Hsp70 protects these cells from curcumin-induced death. Antisense
DNA to Hsp70 renders them highly sensitive to curcumin, with loss of ��m and
a greater release of cytochrome-c, AIF, and Smac. Hsp70 partly prevents the re-
lease of AIF, but not that of the other proteins.45 Thus, it is evident that heat
shock proteins (Hsps) interfere with the mitochondrial pathway to make apopto-
sis induced by curcumin less effective. These studies highlight the role of Hsps
in conferring chemoresistance in colon cancer (SW480) cells and in using anti-
sense approaches as an effective means to make curcumin-based therapy effec-
tive in treating multidrug resistance in cancer. A combination of 5 �M curcumin
and 5 nM Taxol induces cytotoxicity and inhibits DNA synthesis more effec-
tively than when Taxol is used alone in human cervical cancer cells. Interestingly,
this synergism is not seen in normal cervical cells. Also, factors such as tubulin
polymerization and Cdc2 activation induced by Taxol alone remain unaffected.83
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Recently, Aggarwal has patented his findings showing that a combination of cur-
cumin and paclitaxel (Taxol) can be used to treat and inhibit metastasis of breast
tumors (US2004002499). In squamous cell lung carcinoma (H520), curcumin in-
duced sensitization to Vinorelbine (a chemotherapeutic agent)-induced apoptosis,
accompanied by upregulation of proapoptotic molecules (Bax and Bcl-Xs) and
downregulation of Bcl-2 and Bcl-XL, induction of cytochrome-c release, as well
as caspase-9 and caspase-3 activation. Curcumin, together with Vinorelbine, re-
sulted in apoptosis of 61.3% cells, whereas alone they caused 23.7% and 38%
apoptosis, respectively.101 In androgen-independent prostate cancer cells (PC-3
and DU 145), curcumin enhances the cytotoxicity of chemotherapeutic agents
by the inducton of p21WAF1/CIP1 and C/EBP beta expression.102 Production of
IL-6 has been shown to be responsible for poor prognosis and drug resistance in
cisplatin-induced apoptosis in certain ovarian cancer cells (CAOV3 and SKOV3).
Curcumin has been found to enhance the sensitivity of these cells to cisplatin-
induced apoptosis by reducing the autologous production of IL-6, thus proving
to be an effective chemotherapeutic in combination with cisplatin.103 Combining
curcumin with 5-flurouracil significantly increased the growth inhibition of AGS
human gastric carcinoma cells compared to either curcumin or 5-flurouracil alone,
suggesting synergistic actions of the two drugs.104 Similar synergistic inhibitory
effects have also been reported in human colon cancer (HT29) cells.105 Another
study on multiple myeloma cells reported that curcumin-induced downregulation
of NF-�B (a factor that has been implicated in chemoresistance) is also associated
with conferring chemosensitivity to vincristine and melphalan.13 Overexpression
of a P-glycoprotein (Pgp-170, an MDR-1 gene product), a cell membrane protein,
has been implicated in many cases of multidrug resistance (MDR). It is responsi-
ble for enhanced drug efflux leading to decreased intracellular drug accumulation.
A study on the modulation of MDR-1 gene expression by curcuminoids shows
that they decrease MDR-1 gene expression in a dose-dependent manner, with
bisdemethoxycurcumin having the maximum effect. Treatment of drug-resistant
KB-V1 cells with curcumin increased their sensitivity to vinblastine, which was
consistent with a decreased Pgp expression on the cell plasma membrane.106 Ac-
tivation of NF-�B upon treatment with anticancer drugs has been found to be
a general response in some tumor cell lines. However, treatments of these cells
with certain common biologic modulators such as tamoxifen, dexamethasone, and
curcumin that regulate NF-�B activation attenuate the doxorubicin (an anticancer
drug)-induced NF-�B activation.107 Very recently, a group has reported the syner-
gistic action of curcumin and celecoxib (a proapoptotic agent) in cell growth inhi-
bition and apoptosis in osteoarthritis synovial arthritis cells. This action has been
proposed to be mediated through the involvement of inhibition of COX-2 activity,
thus suggesting the potential for developing a combinatorial therapy based on these
two drugs to treat rheumatological disorders.108 PARP cleavage, caspase-3 activa-
tion, and apoptotic cell death in prostate cancer (PC-3) cells has been by synergistic
inhibitory action of curcumin and �-phenylethylisothyocyanate via inhibition of
EGFR signaling.109,110 Curcumin is an arachidonic acid cascade inhibitor (AACI).
Arachidonic acid metabolism intermediates have been reported to influence normal
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and malignant cell growth. Spingarn et al tested various combinations of AACIs
to study their effects on head and neck squamous cell carcinoma.111 They re-
port that among the many combinations of chemicals analyzed, combination of
curcumin with 13-cis-retinoic acid has a superior effective synergistic growth in-
hibition than when they are used alone. Similarly, in HL-60 cells, a combination
of curcumin and retinoic acid proved to be a potent inhibitor of cell growth.112

Chendil et al. studied the effect of a combination of radiation and curcumin (2–
4 �M) in PC-3 cells.113 It was found that such a combination approach results
in the downregulation of NF-�B and Bcl-2 protein levels, although the levels
of Bax remain unchanged. There was also a significant activation of caspase-9,
caspase-3, and cytochrome-c release. This resulted in an altered Bcl-2:Bax ra-
tio and enhanced chemosensitizing effect. Thus, compared to irradiation alone,
curcumin enhanced the induction of clonogenic inhibition and apoptosis in these
cells. In a recent study on squamous cell carcinoma, curcumin (3.5 �M) has been
reported to induce S/G2M phase cell cycle arrest, the stages at which chemother-
apy is more effective,24 thus sensitizing these cells to the ionizing effects of
radiation.

6. CONCLUSIONS AND FUTURE DIRECTIONS

It is clear that curcumin acts through multiple pathways to bring about its effects
on cell growth and apoptotic signaling. Despite our extensive knowledge of the
multiple biological effectors/targets of curcumin, more candidates remain to be
explored. This is evident from the fact that several genes not known to be af-
fected by curcumin previously are now identified through microarray-based gene
expression profiling studies.26,114 These novel approaches might provide poten-
tial new leads to genes and pathways that could play a role in cancer prevention
and/or treatment by curcumin. There have been a few recent reports that surveyed
apoptotic, antitumor, and antiangiogenic activities of some structural analogues of
curcumin.115−119 Identification of novel curcumin analogues that bypass some of
the problems encountered with the use of curcumin, such as poor bioavailability,
water solubility, and absorption, is needed. Enhancing bioavailability and ascer-
taining clinically attainable levels in specific target tissues are attractive strategies
to be considered in developing curcumin as an effective anticancer drug. Although
conventional chemotherapeutic drugs were not designed to induce apoptosis in
cells, the fact that they indirectly do so raises the importance of this form of cell
death in cancer chemotherapy. At the same time, there is also a possibility that
many of the chemotherapy-induced cell death cannot be classified as apoptosis. The
accumulating data on the in vitro and in vivo actions of curcumin together with the
ongoing human clinical trials will provide a better understanding of curcumin-
mediated cell growth regulation, ultimately catering to the needs of human
welfare.
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CURCUMIN AS CHEMOSENSITIZER

Pornngarm Limtrakul

Abstract: This overview presents curcumin as a significant chemosensitizer in
cancer chemotherapy. Although the review focuses on curcumin and its analogues
on multidrug resistance (MDR) reversal, the relevance of curcumin as a nuclear
factor (NF)-�B blocker and sensitizer of many chemoresistant cancer cell lines to
chemotherapeutic agents will also be discussed. One of the major mechanisms of
MDR is the enhanced ability of tumor cells to actively efflux drugs, leading to a
decrease in cellular drug accumulation below toxic levels. Active drug efflux is
mediated by several members of the ATP-binding cassette (ABC) superfamily of
membrane transporters, which have now been subdivided into seven families desig-
nated A through G. Among these ABC families, the classical MDR is attributed to
the elevated expression of ABCB1 (Pgp), ABCC1 (MRP1), and ABCG2 (MXR).
The clinical importance of Pgp, MRP1, and MXR for MDR and cancer treatment
has led to the investigation of the inhibiting properties of several compounds on
these transporters. At present, due in part to the disappointing results associated
with the many side effects of synthetic modulators that have been used in clini-
cal trials, current research efforts are directed toward the identification of novel
compounds, with attention to dietary natural products. The advantage is that they
exhibit little or virtually no side effects and do not further increase the patient’s
medication burden.

1. INTRODUCTION

This chapter deals with the theoretical background of drug resistance in cancer
chemotherapy and clinical significance of the search for chemosensitizers of mul-
tidrug resistance (MDR) in cancer. After discussing the basic features of the drug
transporter proteins P-glycoprotein (Pgp), multidrug resistance protein-1(MRP1),
and mitoxantrone resistance protein (MXR) responsible for this phenomenon, the
possible mechanism of action of MDR chemosensitizers is reviewed. This chapter
also discusses apoptosis and chemotherapy resistance.

This overview presents curcumin as a significant chemosensitizer in cancer
chemotherapy. Although the review focuses on curcumin and its analogues on
MDR reversal, the relevance of curcumin as a nuclear factor (NF)-�B blocker and
sensitizer of many chemoresistant cancer cell lines to chemotherapeutic agents
will also be discussed.

269
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One of the major mechanisms of MDR is the enhanced ability of tumor cells
to actively efflux drugs, leading to a decrease in cellular drug accumulation below
toxic levels. Active drug efflux is mediated by several members of the ATP-binding
cassette (ABC) superfamily of membrane transporters, which have now been sub-
divided into seven families designated A through G.1 Among these ABC families,
the classical MDR is attributed to the elevated expression of ABCB1 (Pgp), ABCC1
(MRP1), and ABCG2 (MXR).

The clinical importance of Pgp, MRP1, and MXR for MDR and cancer treatment
has led to the investigation of the inhibiting properties of several compounds on
these transporters. The calcium channel blocking agent verapamil was the first drug
described as an inhibitor of the Pgp efflux mechanism.2 After this discovery, several
other compounds have been studied for their inhibitory effects (e.g., valspodar,
GF120918, and LY335979).3,4 Although these agents are effective, one of the
major problems with most of them is that the in vivo plasma concentrations required
to inhibit Pgp are too high and result in severe toxic side effects. At present, due in
part to the disappointing results associated with the many side effects of modulators
that have been used in clinical trials, current research efforts are directed toward
the identification of novel compounds, with attention to dietary natural products.
The advantage is that they exhibit little or virtually no side effects and do not
further increase the patient’s medication burden.

Curcumin has been described as a potent antioxidant and anti-inflammatory
agent. The compound has been found to be pharmacologically safe: Human clin-
ical trials indicated no doses-limiting toxicity when administered at doses up to
10 g/day.5 All of these studies suggest that curcumin has enormous potential in the
prevention and therapy of cancer. However, a better understanding of the mecha-
nism would enhance the therapeutic potential of curcumin either alone or in com-
bination with chemotherapy. The study reported by our group demonstrated that
curcumin (curcumin I), demethoxycurcumin (curcumin II), and bisdemethoxy-
curcumin (curcumin III) are potent chemosensitizers of Pgp, MRP1, and MXR,
and curcumin I was the most effective form. Tetrahydrocurcumin (THC), a ma-
jor metabolite of curcumin, is also a good chemosensitizer of Pgp, MRP1, and
MXR, and it is able to extend the MDR-reversing properties of curcuminoids
in vivo.

There is increasing evidence that the inability of the cells to undergo apoptosis
might critically contribute to the genesis and progression of cancer and represents
an important cause of tumor drug resistance.6 Tumor cells often evade apoptosis
by overexpressing antiapoptotic proteins such as Bcl-2, NF-�B, Akt, and so forth,
which give them a survival advantage. Some conventional chemotherapeutic drugs
in low concentrations cause upregulation of survival signals, thereby necessitat-
ing increments of the effective dose of treatment. Activation of NF-�B has been
shown to block apoptosis and promote proliferation; therefore, NF-�B activation
induces resistance to chemotherapeutic agents. Thus, agents that induce apopto-
sis and stimulate NF-�B activity might be effective if given in combination with
agents that could inhibit NF-�B. Evolving interest in recent years has focused on
phytochemicals augmenting apoptosis as possible candidates for the evaluation of
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their synergistic efficacy in combination with chemotherapeutic agents. Common
biological modulators, including curcumin, have been researched in order to block
NF-�B activation as described in this chapter.

2. MECHANISMS OF DRUG RESISTANCE IN CANCER
CHEMOTHERAPY

2.1. Drug Resistance in Cancer

The presence or development of resistance to anticancer drugs is the main cause
of failure of chemotherapy in the majority of the most common forms of can-
cer (e.g. lung, colon, breast, and cervix). Resistance to chemotherapeutic drugs
has already been present at diagnosis or it can develop after chemotherapy treat-
ment. These two forms of drug resistance are respectively called intrinsic and
acquired resistance.7,8 Intrinsic resistance or de novo resistance of cancer cells
can be present before chemotherapy, resulting in initial treatment failure such as
Hodgkin’s disease, testicular cancer, and acute childhood leukemia, but acquired
resistance can develop in response to chemotherapeutic intervention, eventually
leading to early disease progression despite an initial treatment response (e.g.,
lymphoma and breast cancer).9 In both intrinsic and acquired resistance, tumors
are often found to be refractory to a variety of drugs with different structures
and functions. A similar experimental phenomenon has been termed multidrug
resistance. MDR can be the result of a variety of mechanisms that are not fully
understood.10 The most important among them are the following: (1) altered mem-
brane transport either by decreased drug uptake or by increased drug efflux11;
(2) perturbed expression of target enzymes or altered target enzymes12; (3) altered
drug activation or degradation13; (4) enhanced DNA repair14; and (5) failure to un-
dergo apoptosis.15,16 Some of these mechanisms of drug resistance might coexist;
however, the most widely implicated mechanism is that concerned with altered
membrane transport in tumor cells. This mechanism is often referred to as typical
or classical MDR.

2.2. Multidrug Resistance and Drug Transporter Proteins

The human MDR1 gene product, P-glycoprotein, was the first ATP-dependent
system discovered that was implicated in MDR. P-Glycoprotein (also known as
Pg-170, Pgp, P-170, or ABCB1) was isolated17 and proposed to be the trans-
porter protein that pumps out the antitumor agents.18,19 The overexpression of
P-glycoprotein is not the only cause of MDR. Another member of the ATP-binding
cassette (ABC) superfamily, which is involved in MDR, is the 190-kDa mul-
tidrug resistance-associated protein (MRP1 or ABCC1), encoded by the MRP1
gene. MRP1 is simlar to P-glycoprotein in its capability of decreasing intra-
cellular levels of drugs and is ATP-dependent.20 The most recently discovered
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ABC drug efflux transporter is breast cancer resistance protein (BCRP, MXR, or
ABCG2).21

Among these ABC families, the classical MDR is attributed to the elevated
expression of ABCB1 (Pgp), ABCC1 (MRP1), and ABCG2 (BCRP or MXR).22,23

2.2.1. P-Glycoprotein

In various cancer types, such as acute myeloid leukemia, various childhood tumors
and locoregionally advanced breast cancer, overexpression of MDR1-Pgp has been
found to correlate with poor outcome in patients treated with chemotherapy.24–28

These findings have been interpreted as an indication of Pgp-mediated drug resis-
tance. Various clinical studies have suggested that Pgp-positivity is associated with
more aggressive tumor behavior. In colon cancer, Pgp was found to be expressed
predominantly in the tumor cells at the invading edge of primary tumors, and
Pgp-positivity in primary tumors was associated with a higher incidence of lymph
node metastases.29 In renal cell carcinoma, Pgp-positivity was found significantly
more often in invasive than in noninvasive tumors.30 In primary breast cancer,
overexpression of MDR/Pgp seems to be more common in advanced locoregional
disease than it is in small tumors.31,32

Increased expression of Pgp, the product of the human MDR1 gene, is a well-
characterized mechanism used by cancer cells to evade the cytotoxic action of
anticancer drugs. Twenty years ago, Juliano and Ling discovered that Pgp was the
most ubiquitous marker in MDR cells.17 P-Glycoprotein (P refers to its proposed
role in modulating cellular permeability to drugs) is a high-molecular-weight in-
tegral plasma membrane glycoprotein that confers MDR to mammalian cells by
acting as an energy-dependent drug efflux pump. P-Glycoproteins are encoded by
small gene families, with two members in humans and three in rodents.33 Despite
a high amino acid sequence identity of more than 70% among all Pgps, MDR
gene products are subdivided into two classes: class I and class II. Overexpression
of class I P-glycoprotein causes cancer cells to become resistant to a variety of
anticancer drugs (e.g., vinblastine, vincristine, daunorubicin, etoposide, tenipo-
side, and paclitaxel) as well as many other cytotoxic agents, including colchicines,
emetine, ethidium bromide, puromycin, and mithramycin.34 Class II MDR gene
products are predominantly expressed in the liver bile canaliculi.35–37

2.2.1a. Structure of P-Glycoprotein
Mammalian P-glycoproteins are single-chain proteins and consist of approxi-
mately 1280 amino acid residues (170 kDa). P-Glycoproteins are composed of 43%
sequence homology; between the two halves, there is a hydrophobic, membrane-
associated domain (approximately 250 amino acid residues) followed by a hy-
drophilic nucleotide-binding fold (approximately 300 amino acid residues).38

These two halves are connected by a linked peptide of approximately 75 amino
acids defined as amino acids 633–709 in human Pgp. This peptide conjugated,



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal April 16, 2007 13:21

CURCUMIN AS CHEMOSENSITIZER 273

commonly called the linker region, is highly charged and contains the in vivo sites
of phosphorylation.

Both the N-terminal membrane-associated domains and the C-terminal
membrane-associated domains of human P-glycoprotein harbor six predicted
trans-membrane (TM) regions. The N-terminus, the C-terminus as well as the
nucleotide-binding folds are located intracellularly. The first extracellular loop is
glycosylated. This 12-TM-region model of P-glycoprotein is supported experimen-
tally by cellular epitope localization data obtained from antibodies that specifically
recognize the N- or C-terminus of P-glycoprotein, its first and fourth extracellular
loop, or the two ATP-binding sites. The two halves of Pgp are essential for activity
of the transporter as measured by its ability to confer drug resistance or drug-
stimulated ATPase activity. Both transmembrane domains 5, 6 and 11, 12 and the
extracellular loops connecting them were determined by photoaffinity labeling,
with the Pgp substrate analogues being the major sites of drug interaction. These
transmembranes are important determinants in the drug-binding site(s), but they
do not offer any insight into whether these sites are autonomous or interdependent.

2.2.1b. Mechanism of Pgp-Mediated Drug Resistance
Discovery of the molecular mechanisms by which Pgp exert its action has been one
of the major tasks of research in the field of MDR. Pgp substrates can structurally
be very different; however, the physical properties shared by many of them include
high hydrophobicity, an amphiphilic nature, and a net positive charge, although
neutral compounds, among them hydrophobic peptides, have also been described
as substrates of Pgp.39

Whereas Pgp fulfills critical functions in transport processes involved in nor-
mal physiology, overexpression of this protein in tumor cells results in reduced
intracellular accumulation of anticancer agents due to increased drug efflux. Most
models of Pgp suggest that it transports drugs across cell membranes in a manner
analogous to that defined for active transport proteins. This model predicts that
substrates (cytotoxic drugs) bind to specific domains of the protein, which sub-
sequently undergoes an energy-dependent conformational change. This change
allows the substrate to be released on the exterior side of the membrane. Comple-
mentary models have been proposed, suggesting that (1) Pgp interacts directly with
substrates in the plasma membrane (the “hydrophobic vacuum cleaner” model38

or (2) Pgp might be involved in the transport of drugs from the inner leaflet to outer
leaflet of the plasma membrane, from which they diffuse (the flippase model).40

Identification and characterization of Pgp segments responsible for drug recogni-
tion and binding indicate that Pgp interacts directly with drug molecules. Efforts
to map the drug-binding domains of Pgp by photoaffinity drug analogues and
site-directed mutagenesis indicate that Pgp contains multiple nonoverlapping or
partially overlapping drug-binding sites, each having different affinities for differ-
ent drugs or classes of drugs.41−43 The two nucleotide-binding domains (NBDs)
are a critical feature of Pgp. Reconstitution studies with purified Pgp have shown
that transport of hydrophobic substrates against a concentration gradient is coupled
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to ATP hydrolysis.44 However, the mechanism by which Pgp couples ATP energy
to translocation and efflux of a diverse range of substrates is a largely unresolved
debate.45 Both NBDs can hydrolyze nucleotides, and their ATPase activity, that
can be blocked by vanadate, is necessary for drug transport.46

Finally, Pgp is phosphorylated by protein kinase C (PKC), and PKC blockers
reduce Pgp phosphorylation and increase drug accumulation. These observations
suggest that phosphorylation of Pgp stimulates drug transport. However, there is
evidence that PKC inhibitors directly interact with Pgp and inhibit drug transport
by a mechanism independent of Pgp phosphorylation.47,48

2.2.2. Multidrug Resistance Protein-1

The MRP family entered drug resistance in 1992 when Susan Cole and Roger
Deeley cloned the multidrug resistance-associated protein gene, now known as
MRP1 and was classified to ABCC1.20 Since then 13 genes for ABCC family
have been reported and designated ABCC1 to ABCC13. In 2002, Yabuuchi et al.
reported that ABCC13 is predicted to encode a nonfunction protein.49 As a result,
the ABCC family contains only 12 functional proteins. The discovery of the MRP
family has considerably broadened the study of MDR in tumor cells and has led
to widespread interest in the possible function(s) of the members of this family in
normal metabolism.

MRP1 is broadly expressed in the epithelial cells of multiple tissues, includ-
ing the digestive, urogenital, and respiratory tracts, endocrine glands, and the
hematopoietic system.50 MRP1 expression has been demonstrated in multiple tu-
mor tissues and has been implicated as a component of the MDR phenomenon in
leukemia and cancers of the lung, colon, breast, bladder, and prostate.

2.2.2a. Structure of MRP1
The MDR-associated protein (MRP1) is a 190-kDa protein encoded by the mrp1
gene and is constituted by 1531 amino acids presenting N-linked glycosylation
sites.51 Although the human genome encodes only two Pgps, it contains many
genes related to MRP.52 The protein is predominantly localized to the plasma
membrane in drug-resistant cells, with detectable levels present in intracellular
membrane compartments of some cell types.53 Whereas Pgp transports neutral
and positively charged molecules in their unmodified form, MRP1 overexpression
is associated with an increased ATP-dependent glutathione (GSH) S-conjugate
transport activity. MRP1 is able to transport a range of substrates as such or conju-
gated to GSH, glucuronide, and sulfate.54−56 The predicted topology of MRP1 and
several related ABCC proteins differs from that of most eukaryotic ABC trans-
porters, which are composed of two membrane-spanning domains (MSDs), each
containing six transmembrane (TM) domains with two NBD sites. MRP1 has an
additional NH2-terminal domain, MSD1, with five TMs and an extracellular NH2-
terminus. Thus, MRP1 is predicted to contain three MSDs with 5 + 6 + 6 TM
helices.57,58
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2.2.2b. Mechanism of MRP1-Mediated Drug Resistance
It has been proposed that a physiological function of MRP1 is the extrusion of
endogenously formed GSH-dependent detoxification products to prevent cellular
damage.55 The generation of Mrp1 −/− knockout mice has significantly con-
tributed to the understanding of the physiological role of MRP1. Similar to most
ABC transporters, MRP1 requires ATP hydrolysis for its transport; the interaction
of ATP with MRP1 was studied by photoaffinity labeling and vanadate-induced
trapping experiments using 32P-labeled 8-azido-ATP. The two NBDs show co-
operativity in the binding and trapping of the nucleotide.59,60 Experiments with
membrane vesicles from MRP1-overexpressing cells demonstrated that MRP1 is
a transporter for the unmodified anticancer drugs vincristine and daunorubicin, but
only in the presence of physiological amounts of GSH.54,61 These results extend the
earlier observations that GSH is a critical factor in MRP1-mediated drug resistance.
MRP1 transports a wide variety of subtrates that include drugs conjugate with GSH
(GS-X pump), glucuronide, and sulfate and some anticancer drugs such as anthra-
cyclines, vinca alkaloids, and epipodophyllotoxin. It has been proposed recently
that MRP1 might interact with GSH by at least four different mechanisms.62 First,
GSH might be a direct low-affinity substrate for MRP1 (Km ∼ 10 mM). Second,
GSH is required for the cotransport of certain MRP1 substrates (e.g., in the case of
daunorubicin, vincristine, and aflatoxin) (Km ∼ 0.1 mM). Third, GSH stimulates
the transport of certain compounds on MRP1, but it is not transported; finally, the
transport of GSH is accelerated by certain compounds that are not themselves a
substrate for MRP1.

2.2.3. Mitoxantrone Resistance Protein

ABCG2 was first cloned and sequenced from mitoxantrone-resistant S1-M1-80
human colon carcinoma cells and from MCF-7 AdrVp human breast cancer cells
selected in doxorubicin (adriamycin).63,64 This gene is designated ABCG2 by the
new nomenclature system but is also referred to as BCRP (breast cancer resistance
protein),64 MXR (mitoxantrone resistance protein),63 or ABCP (placenta-specific
ABC transporter).65

2.2.3a. Structure of MXR
The human ABCG2 gene is located on chromosome 4q22 and encodes a 655-
amino-acid polypeptide with a predicted molecular weight of 72 kDa. Therefore,
ABCG2 is proposed to be a half-transporter, containing only one set of six TM
domains and one NBD site.65

Recently, it has been reported that amino acid 482 is an important determinant
of substrate recognition by ABCG2.66 For example, wild-type MXR with an Arg
at position 482 does not transport daunorubicin, rhodamine123, and lyso-tracker
green; however, these compounds can be transported by mutants with a Thr (T)
or Gly (G) at this position.67 On the other hand, substances such as mitoxantrone,
bodipy-prazosin, and Hoechst 33342 are substrates of both wild-type MXR and
the two mutants.67,68 Recently, Miwa et al. generated a large number of mutants
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in the TM segments and examined the effect of these amino acid substitutions on
drug resistance conferred by ABCG2.69 They found that amino acid substitutions
of Glu at position 446, which is predicted to be located within or proximal to
the TM2 of ABCG2, resulted in a complete loss of drug resistance to SN-38 and
mitoxantrone. Cells transfected with mutant ABCG2 cDNA with substitution of
Asn residue at position 557 to Asp (N557D) exhibited comparable resistance to
mitoxantrone but significantly reduced resistance to SN-38 relative to wild-type
protein. Position 557 is predicted to be located within or proximal to the TM5
segment. These data again provided strong evidence that the drug-binding sites
are likely located in the MSD; therefore, amino acids in or proximal to the TM
segments are important for substrate recognition by ABCG2. Alternatively, amino
acid substitutions in the TM segments might alter the substrate recognition and/or
translocation pathway of the protein. Position 557 is a putative N-glycosylation
site of ABCG2. Whether glycosylation is important for ABCG2 function is not
known at the present time.

2.2.3b. Mechanism of ABCG2-Mediated Drug Resistance
ABCG2 is endogenously expressed at high levels in human placenta and to a lesser
extent in the liver, small intestine and colon, ovary, vein and capillary endothelia,
kidney, adrenal, and lung, with little to no expression in the brain, heart, stomach,
prostate, spleen, and cervix.23,64,65 Based on its localization, it has been suggested
that the physiological roles of ABCG2 might be to protect cells from potentially
toxic substances and to prevent absorption of xenobiotics ingested in our diet by
actively transporting compounds from cells.

ABCG2 confers resistance to several Pgp substrates such as mitoxantrone,
the anthracyclines such as daunorubicin and doxorubicin, the camptothecins,
bisantrene, topotecan, rhodamine123, prazosin, and SN-38.23,63,64,70 In con-
trast, ABCG2 does not efflux other known Pgp substrates such as taxol,
colchicine, verapamil, vinblastine, and calcein-AM, nor the MRP substrates cal-
cein and GSH-conjugated monochlorobimane.23 Substrates of ABCG2 are re-
viewed and summarized71 as follows: I(1). anthracyclines (e.g., daunorubicin,
epirubicin, anthracene, mitoxantrone, bisantrane), (2). camptothecin (e.g., SN-
38, 9-aminocamtothecin, irrenotecan, diflomotecan, topotecan), (3). nucleoside
analogs (AZT, AZT 5′ monophosphate, lamivudine), (4). fluorophores (bodipy-
prazosin, Hoechst 33342, rhodamine 123, lyso-tracker green), and (5) polygluta-
mates (e.g., methotrexate)

2.3. Apoptosis and Chemotherapy Resistance

The determinants of cell survival and cell dealth are both extrinsic and intrinsic
to the cell. All cells are in the default position of being able to undergo apoptosis
but are prevented from doing so by extracellular signals within a multicellular
organism.72 These signals arise through cell-to-cell contacts, from the extracellular
matrix to which cells are attached73,74 and from circulating survival factors, such
as insulin-like growth factor (IGF)-I and nerve growth factor.75 Many of these
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survival components and their downstream effectors, such as BCR-ABL, RAS, and
the IGF-1 receptor, are altered in malignancy. In a metastatic tumor cell, survival
must be independent of the normal topological context of a tissue. This implies that
to become metastatic, intrinsic mechanisms of survival must be initiated to allow
survival away from normal controls. The implications of this for cytotoxic drug
therapy are that tumor cells might be intrinsically more resistant to undergoing cell
death than many normal cell types. Alterations in apoptosis pathways have been
shown to be involved in resistance to a variety of cytotoxic agents. Thus, it seems
appropriate to refer to apoptosis-related chemotherapy resistance as a type of MDR.

There are external signals that engage apoptosis: Ligation of the APO-1/fas
receptor initiates a discrete cell death signaling cascade, presumably by remov-
ing the action of internal inhibitors of the default position of cell death.76 The
expression levels of both the death-promoting ligand and its receptor will again
determine a hierarchy among different cells as to whether they might readily en-
gage apoptosis. The intrinsic determinants of a survival/death hierarchy are epit-
omized by members of the BCL-2 family or antiapoptotic genes. It is important
for malignant tumors arising from some epithelia that the cell has a relatively
high survival potential determined by the expression of antiapototic genes, suf-
ficient for it to survive DNA damage without deletion by apoptosis. These com-
mon, high-death-threshold tumors would be resistant to chemotherapy, whereas
those rarer tumors arising from hematopoietic cells might be more amenable to
the engagement of cell death following cytotoxic therapy. The genes that deter-
mine survival and death thresholds might determine intrinsic drug sensitivity and
resistance.77,78

2.3.1. The BCL-2 Family of Proteins

The BCL-2 gene was identified as a translocated product in follicular lymphoma.
Expression of BCL-2 suppressed the apoptosis stimulated by the withdrawal of
serum survival factors.79 A number of gene homologues of BCL-2 have now been
discovered that encode both suppressors of apoptosis and accelerators of the pro-
cess (see the review in Ref. 80). Bcl-2 is the archetypal member of a family of
proteins that undergo homodimerizations and heterodimerizations to each other
via binding through conserved BH1, BH2, and BH3 domains.81 The isolation of
the Bcl-2 homologue Bax as a protein that immunoprecipitated with Bcl-2 and the
finding that its expression accelerated apoptosis suggested a model whereby Bax-
Bax homodimers promote apoptosis, whereas the Bcl-2-Bax heterodimer inhibits
apoptosis by limiting Bax-Bax homodimerization.80,81 Knowledge of the family
of BCL-2-like genes has been expanding with recent discoveries of sequence-
related promoters of apoptosis (bad, bak, bcl-Xs) and inhibitors of apoptosis (bcl-
XL).82−85 In a variety of cellular backgrounds, BCL-2 and BCL-XLexpression has
been shown to delay the onset of apoptosis induced by almost all classes of cyto-
toxic drugs. It could be claimed that the expression of BCL-2 or bcl-XLprovides a
genuine multidrug or pleotropic resistance, because its inhibition of drug-induced
apoptosis crosses the entire spectrum of the pharmacopoeia. Whether ectopic
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expression of BCL-2 universally provides pleiotropic drug resistance, associated
with the long-term survival of cells, is complicated by findings that certain types
do not appear to be protected by BCL-2 apoptosis, but are, instead, protected by
the expression of its homologue BCL-XL.86.87 On the other hand, ectopic expres-
sion of the death-promoting Bcl-Xs protein in BCL-2-expressing MCF-7 human
breast carcinoma cells sensitized them to the cytotoxicity of both etoposide and
paclitaxel88 - Strategies like this, delivering apoptotic accelerators such as bax and
bcl-Xs or inhibitors of bcl-2 or bcl-XL by expression of mimetics, which prevent
proapoptotic homologues from binding to bcl-2 protein, would seem to offer an
important route for pleotropic drug resistance.

2.3.2. The Role of TP53 in Determining Drug Sensitivity and Resistance

Many anticancer drugs damage DNA, either directly or indirectly. This damage
per se is not lethal but has to be “sensed” by the cell, and, coupled with the
execution of apoptosis, this suggests that the failure of sensors could lead to drug
resistance. The tumor suppressor TP53 has been suggested to be a direct sensor of
DNA damage. Loss of functional p53 might promote pleiotropic drug resistance
to DNA-damaging agents. The importance of p53 in promoting DNA damage-
induced apoptosis was demonstrated by studies of immature thymocytes in vitro
or intestinal epithelia in vivo from homozygous TP53 null animals.89−91 Cells that
had been � -irradiated did not undego apoptosis in comparison with those that
were homozygously TP53 positive. TP53-null thymocytes also failed to undergo
apoptosis after treatment with the topoisomerase II inhibitor etoposide treatment
with the non-DNA-damaging corticosteroid dexamethasone, suggesting that the
non-DNA-damage-induced pathway was discrete and p53 independent.

3. CHEMOSENSITIZERS FOR CANCER CHEMOTHERAPY

As soon as Pgp and sister proteins were recognized as the main reason of MDR,
blocking the efflux of drugs by inhibition of the functions of these transporters
has become a realistic way to circumvent MDR.92 Several chemicals, already
known or used as drugs for other purposes, have been tested in vitro and in vivo
on resistant tumor cells. Verapamil, a calcium channel antagonist, was the first
compound found active in reversing MDR,2 and after it, many other compounds
have been found effective in the resensitization of resistant malignant cells (see the
review in Ref. 93). The compounds are called chemosensitizers, MDR modulators,
or MDR-reversing agents.

3.1. Chemosensitizers of Pgp

The process of chemosensitization involves administering a Pgp inhibitor (MDR
modulator) and an anticancer drug to cause enhanced intracellular anticancer drug
accumulation by impairing the Pgp function. Numerous compounds have been
shown to inhibit the drug efflux function of Pgp and, therefore, reverse cellular
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resistance. In general, they have been classified as MDR modulators belonging to
the first, second, or third generation.94

The history on the studies of MDR modulators began more than two decades
ago with the discovery by Tsuruo and co-workers that the calcium channel blocker
verapamil can reverse MDR.2 Later, it was reported that verapamil inhibits Pgp
activity via direct competition with Pgp substrates.95 Other first-generation MDR
modulators include the antimalarial drug quinidine, the calmodulin antagonist
trifluoperazine, and the immunosuppressant cyclosporin A.96 The Cyclosporin A
is proved to compete with Pgp substrates for binding to a common drug-binding
site of Pgp96 There were promising results in phase I clinical trials with some of the
firstgeneration MDR modulators, but most required high doses,97 and nonspecific
side effects were noted. As a result, their clinical applications in cancer patients
have been limited, and this has led to the discovery of so-called second- and third-
generation MDR chemosensitizers.

The second-generation MDR modulators include dexverapamil, PSC 833,
dexniguldipine, and VX-710. Among these, most of the studies are with PSC833
and VX-710.

PSC833 (valspodar) is an analogue of cyclosporin D, and the results to date
suggest that PSC 833 acts as a noncompetitive inhibitor by binding to site(s)
other than the substrate-binding site to alter the conformation of Pgp.98 Numer-
ous studies have been reported for its clinical trials, including phase III clinical
trials. Although PSC833 exhibited increased potency, and thus required lower
doses to achieve effective in vivo plasma concentrations to modulate MDR, it
retained some properties that limited its clinical usefulness. VX-710 (biricodar)
is an amido-ketopipecolinate derivative that has been shown to block both Pgp
and MRP activity.99 However, similar to PSC833, the use of VX-710 is limited
by its unpredictable pharmacokinetic interactions with cytotoxic agents. Most of
the third-generation MDR modulators have been developed based on structure–
activity relationships and combinatorial chemistry, in the hope of overcoming
limitations exhibited by the second-generation molecules.100 The third-generation
MDR modulators, which are currently in clinical development, are LY335979,
XR9576, laniquidar (R101933), GF120918, and ONT-093.100 Both LY335979101

and XR9576102 are among the most studied in this group of modulators.

3.2. Chemosensitizers of MRP1

Most MRP1 substrates, as well as inhibitors, are anionic compounds that enter cells
poorly, thus making it difficult to obtain a good inhibitor for MRP1 compared with
Pgp. A variety of MRP1 inhibitors have been reported.103 For instance, general
inhibitors of organic transport are probenecid, sulfinpyrazone, and indomethacin;
inhibitors of MRP-related transporters are the LTD4 analogue MK571, ONO-
1078, glibenclamide,104 and some GSH conjugates105; inhibitors of MRP1 and
Pgp are VX-710, agosterol A, PAK-104, verapamil, cyclosporin A, genistein, and
quercetin; and GSH-dependent inhibitors of MRP1 are LY 475776 and LY 402913.
These compounds are mostly not specific to MRP1 and they need to be used at
relatively high concentrations to overcome the MDR mediated by MRP1.58
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3.3. Chemosensitizers of MXR

A variety of MXR inhibitors have been identified.71,106 It has been reported re-
cently that GF120918, a third-generation Pgp inhibitor, is also a potent inhibitor of
MXR.107 Various studies showed that GF120918 can be tolerated in humans and
animals at concentrations sufficient to inhibit MXR.106,108 The natural product fu-
mitremorgin C (FTC) secreted from the fungi Aspergillus fumigatus was another
potent modulator of ABCG2 that was able to completely reverse mitoxantrone
resistance and topotecan resistance in ABCG2-overexpressing cells at 1–5-�M
concentrations109 Many studies showed that this compound is highly specific to
ABCG2 and did not reverse Pgp- or MRP1-mediated drug resistance. Recently,
several FTC analogues such as Ko132 and Ko134 have been developed.106 These
compounds could potentially be further developed as clinically useful ABCG2
inhibitors because they were more potent than FTC; the IC50s are in the range of
85–270 nM. Several of the tyrosine kinase inhibitors (e.g., CI1033) have also been
shown to be potent inhibitors of MXR that inhibit the MXR-mediated efflux of
topotecan and SN-38 at low micromolar concentrations. Recently, HIV protease
inhibitors ritonavir, saquinavir, and nelfinavir also have been found to be effective
inhibitors of MXR.110 Collectively, although a large number of MXR inhibitors has
been described, whether any of these compounds are clinically useful in reversing
MXR-mediated MDR has yet to be determined.

3.4. Mechanism of Action of MDR Chemosensitizers

Multidrug resistance chemosensitizers might function in two major ways: They
can modify either the function or the expression of the proteins involved in MDR.

3.4.1. Modulation of the Function of MDR1/MRP

The idea of finding chemosensitizers that inhibit the function of the drug trans-
porters and thereby reverse MDR has grown in parallel with the biochemical and
clinical investigations of the molecular mechanism and regulation of these proteins.
The compounds that inhibit MDR might be categorized according to their mode of
action on the targeted transporter proteins. The first category involves analogues
of the transported (drug) substrates that either competitively or noncompetitively
inhibit drug extrusion through MDR1 or MRP. These agents interact with the
transporters on their drug-binding sites with significantly higher affinity than any
cytotoxic drugs and might be either efficiently transported or not transported by
the pumps. In the former case (which is probably true, e.g., for verapamil and
for several calmodulin inhibitors), stimulation of the pump turnover might greatly
increase ATP consumption in the MDR tumor cells.111 This might result in an
advantageous collateral sensitivity of the tumor cells to the modulating agent. In
the latter form (this is probably the case with PSC833), the transporter becomes
locked by a substrate analogue that cannot be pumped, thus cannot be cleared from
the binding sites.112
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In the case of MRP, which transports various glutathione S-conjugates,
agents inducing cellular GSH-depletion might be good candidates for substrate-
dependent reversal of drug resistance.113,114 Moreover, certain prostaglandins
(PGA1), tyrosine kinase inhibitors (genistein), and inhibitors of uric acid
transport (e.g., benzbromarone) seem to be effective substrate-analogue MRP
chemosensitizers.115,116 The second category of MDR chemosensitizers includes
inhibitors of ATP binding, or ATP utilization in the drug pumps. Various non-
hydrolyzable or covalently reacting ATP analogues (such as azido-ATP) or com-
pounds like NBD chloride react with crucial lysines at or near the ATP-binding
sites.117,118 Certainly, very little specificity against MDR can be expected from such
compounds, as most ATP-binding proteins, including, for example, ion pumps or
protein kinases, will be affected as well. The MDR1 protein has two cysteines
located in the two highly conserved ATP-binding regions, which can be modified
by alkylating agents (e.g., NEM). Alkylation of these cysteine residues irreversibly
blocks the function of MDR1, whereas the presence of ATP protects these sites
from NEM.117,118 Recent reports indicate that flavonoids like quercetin might in-
hibit drug pumps by reacting preferentially with their ATP-binding domains.119 A
dream compound of this kind would be specifically recognized by MDR1 or MRP
as a toxic product to be eliminated, and then the compound would irreversibly
modify ATP binding or hydrolysis in the same proteins.

The third category of MDR chemosensitizers includes specific antibodies inter-
fering with the function of drug transporters. There are several monoclonal anti-
bodies that react with intracellular functional domains of MDR1 or MRP, but their
in vivo application is not considered, as they do not enter tumor cells. However,
some of the antibodies thatt recognize extracellular epitopes block the conforma-
tional changes required for drug transport function and might be good candidates
for medical application. The frist such anti-MDR1 monoclonal antibody, MRK16,
was developed by Hamada and Tsuruo14 and shown to inhibit ATP-dependent drug
extrusion and to modulate drug resistance.

The last category of mode of action of MDR chemosensitizers would include all
other possible drug pump inhibitors that cannot be easily separated by their mode
of action. Oligomycin, an effective inhibitor of both MDR1 and MRP, does not
seem to be a substrate analogue but might directly block ATP hydrolysis, although
its action is certainly not selective.117 Various detergents seem to inhibit MDR
pumps at the site(s) of hydrophobic interactions in or near the membrane lipid
bilayer120,121 with little selectivity.

3.4.2. Modulation of the Expression of MDR1/MRP

Chemosensitizers of the drug transporter transcription might become useful in-
hibitors, and potential promoter regions of these proteins were identified and
characterized in detail.122,123 Most previous studies on the regulation of MDR1
gene expression have concentrated on identifying transcription factors involved in
the induction of MDR1 gene promoter activity in drug-resistant cancer cell lines.
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The human MDR1 gene promoter contains a number of regulation sites for SP1,
NF-Y, and YB-1 transcription factors.123−125 These transcription factors have been
shown to upregulate MDR1 gene promoter activity. Recently, it was reported that
MDR1 gene promoter activity might be linked to the cyclic AMP-dependent protein
kinase signal pathway, which plays a key role in activating SP1.126 Activation of
Ras and PKC has also been shown to stimulate Jun and Fos families, forming the
activator protein-1 (AP-1). AP-1-responsive genes are important in DNA synthesis,
DNA repair, and drug detoxification. The promoter/enhancer element of the MDR1
gene contains the AP-1-binding-site sequence. Because the transcription efficiency
of the MDR1 gene appears to be regulated by AP1,122 the activation of Fos and Jun
might lead to increased expression of the MDR1 gene. Fos is thought to mediate
its effects through transcriptional activation, after it interacts with the Jun protein
to form AP-1. Therefore, overexpression of Fos might cause the MDR phenotype
by modulation of MDR1 gene expression.

Overall, it is important to note that the MDR1 promoter is responsive to cel-
lular stress triggered by anticancer drugs, carcinogens, heavy metals, ultravio-
let light (UV), heat shock, serum stravation, phosphatase inhibitors, and phor-
bol esters.127−129 These regulations occur probably in a species- and cell-specific
fashion130 thus, any effort for their clinical modulation seems to be a long shot.
Rather, the expression of the drug pumps MDR1 or MRP might be efficiently
modulated by chemically stabilized antisense oligonucleotides131 or synthetic cat-
alytic RNAs (ribozymes).132 The most critical issues for their therapeutic use will
be increased stability and effective delivery to the target cancer cells.

Inhibitors of protein processing and posttranslational modifications, in principle,
might also be used to block the expression of a functional form of MDR1 and MRP
drug pumps, as both proteins are posttranslationally modified by N-glycosylation
and phosphorylation. However, the inhibitors of their processing are basically
unaffected or is not an efficient way to modulate drug transport.133−135

4. CHEMOSENSITIZING ACTIVITIES OF CURCUMIN AND
ITS ANALOGUES

Curcuminoids are natural phenolic coloring compounds found in the rhizomes
of Curcuma longa Linn., commonly known as turmeric. The rhizomes contain
three major pigments of curcuminoids: curcumin I (diferuloylmethane), curcumin
II (demethoxycurcumin), and curcumin III (bisdemethoxycurcumin).136,137 their
chemical structures are illustrated elsewhere.138,139 All three impart the hall-
mark yellow pigmentation to the Curcuma longa plant and particularly to its
rhizome. Ongoing experimental and clinical studies indicate that turmeric and
its curcuminoid components exhibit unique antioxidant,140 anti-inflammatory,141

and antitumorigenesis properties.142−144 Their potential use in the prevention of
cancer and in the treatment of human immunodeficiency virus (HIV) infection is
also a subject of intensive research.136
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Curcumin has been found to be safe, with no dose-limiting toxicity, when
administered at doses up to 10 g/day in humans.145 However, curcumin under-
goes rapid and extensive metabolism in the liver and intestine146 and demon-
strates poor bioavailability, thereby limiting its usefulness as a potent chemopre-
ventive agent. To date, curcumin-glucuronide, dihydrocurcumin-glucuronoside,
THC-glucuronoside, and THC (tetrahydrocurcumin) have been demonstrated as
the major curcumin metabolites in vivo.144,147,148

4.1. Effect on Pgp

Due to its wide range of biological and pharmacological effects, lack of toxicity,
cyclicity, and lipophilicity, curcumin was examined to determine possible inter-
actions with Pgp expression and function.149 The commercial grade of curcumin,
which contain approximately 77%, 17%, and 3% curcumin I, II, and III, respec-
tively, was used in this study. Curcumin (1–10 �M) downregulated Pgp expression
and reduced Pgp-mediated efflux in drug-resistant human cervical carcinoma cells
(KB-V1). Curcumin increased rhodamine 123 accumulation in a concentration-
dependent manner (1–55 �M) and inhibited the efflux of rhodamine 123 from
these cells but had no effect on the wild-type drug-sensitive KB-3-1 cells, which
do not express Pgp. Because the time of exposure of cells to curcumin in these ex-
periments was short (1–2 h), it is unlikely that curcumin acted by downregulating
MDR1 gene expression, resulting in a reduced level of cellular Pgp. However, the
effect of curcumin on the expression of Pgp at the protein (Western blotting) and
mRNA [reverse transcription–polymerase chain reaction (RT-PCR)] levels was
examined. There was no difference in Pgp expression in KB-V1 cells when treated
with curcumin for 1–2 h. Treatment of drug-resistant KB-V1 cells with curcumin
increased their sensitivity to vinblastine, but not in wild-type KB-3-1 cells. In
addition, curcumin inhibited verapamil-stimulated ATPase activity and the pho-
toaffinity labeling of Pgp with the prazosin analogue iodoarylazidoprazosin in a
concentration-dependent manner, indicating direct interaction of curcumin with
Pgp and possible binding to the same site as other agents such as prazosin and
verapamil. These findings suggest that curcumin might represent a new reversal
agent for the chemosensitization of cancer cells.

In another study, curcumin inhibited vinblastine induced Pgp level in a dose-
and time-dependent manner in the vinblastine-resistant subline KB-V0.1.150 An-
other report from the same group demonstrated that three major curcuminoids
modulated Pgp function using human MDR KB-V1 cells and crude membranes
of Pgp-overexpressing HighFive insect cells.138 The IC50 of curcumin I, II, and III
is not statistically different compared to KB-V1 (expressing high levels of Pgp)
and KB-3-1 cells (parental drug sensitive), suggesting that Pgp does not confer
resistance to curcumin I, II, or III; in other words, these curcuminoids most likely
are not transported by Pgp. Treating the cells with nontoxic doses of curcuminoids
increased their sensitivity to vinblastine only in the Pgp-expressing drug-resistant
cell line KB-V1, and curcumin I retained the drug in KB-V1 cells more effectively
than curcumin II and III. Effects of curcumin I, II, and III on rhodamine 123,
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calcein AM, and bodipy- FL vinblastine accumulation confirmed these findings.
Curcumin I, II and III increased the accumulation of fluorescent substrates in a
dose-dependent manner, and at 15 �M, curcumin I was the most effective. These
results demonstrated that this effect is not specific to a particular substrate; cur-
cuminoids affected the accumulation of all three substrates in the same manner.
The inhibitory effect in a concentration-dependent manner of curcuminoids on
verapamil-stimulated ATPase activity and photoaffinity labeling of Pgp with the
[125I}-iodoarylazidoprazosin offered additional support that curcumin I was the
most potent modulator. Thus, these biochemical results demonstrate that curcum-
inoids interact directly with Pgp and possibly bind to the same binding sites as
other agents such as prazosin, vinblastine, and verapamil. Chemical structure of
curcumin I might make it more suitable for binding to the drug-binding site of Pgp
than that of curcumin II and III, because curcumin I has a balance of two hydroxyl
and methoxyl groups on each side, and the presence of two methoxyl groups in
the curcumin I molecule might help its inhibitory activity on the Pgp function.

In another study bisdemethoxycurcumin has been demonstrated to be the most
active form of the curcuminoids present in turmeric for modulation of MDR1 gene
expression in MDR KB-V1 cells by Western blot and RT-PCR analysis.151 The
nuclear protein was identified by competitive electrophoretic mobility shift assay
(EMSA) using unlabeled SP1, AP1, AP2, OCT1, NF-�B, and cAMP-responsive
element binding (CREB) oligomers (200 M excess). The result demonstrated that
the CREB consensus sequence can compete more completely with the nuclear
factor that binds to the labeled probe (MDR1 gene promoter –84 to –65 DNA
fragment) than other unlabeled probes149 This result indicates that CREB is the
transcription factor that binds to the MDR1 gene promoter in residues –84 to –65,
and this result was confirmed by supershift assay using an anti-CREB antibody. In
additional studies, pretreatment of KB-V1 cells with curcuminoids significantly
decreased the activity of the MDR1 gene promoter, and bisdemethoxycurcumin
produced the maximum inhibitory effect.149 As tetrahydrocurcumin is the ulti-
mate metabolite of the curcumins in vivo, we recently extended our investigation
to assess whether THC is able to retain the MDR-reversing activity (manuscript in
preparation). Two types of cell line were used for Pgp study: human cervical carci-
noma KB-3-1 (wild type) and KB-V-1 and human breast cancer MCF-7 (wild type)
and MCF-7 MDR, respectively. The results by flow-cytometry assay indicated that
THC is able to inhibit the function of Pgp and thereby significantly increase the
accumulation of rhodamine and calcein AM in KB-V-1 cells. The result was con-
firmed by the effect of THC on [3H]-vinblastine accumulation and efflux in MCF-7
and MCF-7MDR. THC significantly increased the accumulation and inhibited the
efflux of [3H]-vinblastine in MCF-7 MDR in a concentration-dependent manner.
This effect was not found in the wild type MCF-7 cell line. The interaction of THC
with the Pgp molecule was clearly indicated by ATPase assay and photoaffinity
labeling of Pgp with the transport substrate. THC stimulated Pgp ATPase activ-
ity and inhibited the incorporation of [125I]-iodoarylazidoprazosin (IAAP) into
Pgp in a concentration-dependent manner. The MDR-reversing properties of THC
on Pgp was determined by 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
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bromide (MTT) assay. THC at 25 �M significantly increased the sensitivity of
vinblastine in drug-resistant KB-V-1 cells. This effect was not found in respective
drug-sensitive parental cell lines. Taken together, the present study clearly showed
that THC inhibits the efflux function of Pgp and it is able to extend the MDR-
reversing activity of curcuminoids in vivo. Additional in vivo studies are required
to determine if curcumin has potential as an effective and safe chemosensitizer for
treating cancers expressing Pgp.

In another study by Romiti et al., using primary cultures of rat hepatocytes
expressing high levels of Pgp after 72 h culture, curcumin (commercial grade)
inhibited rhodamine 123 efflux in a dose dependent manner.152 Western blot anal-
ysis indicated that curcumin decreased the protein levels of Pgp in cultures. In
photoaffinity labeling studies, curcumin competed with azidopine for binding to
Pgp, suggesting a direct interaction with glycoprotein. These results suggest that
curcumin is able to modulate in vitro both expression and function of hepatic Pgp.

4.2. Effect on MRP-1

The inhibitory effects of a mixture of curcumin I, II, and III on MRP1-mediated
transport using isolated membrane vesicles of MRP1-expressing Sf9 cells was
recently reported.153 However, the mechanism of inhibition remains unknown.
Moreover, it is unknown whether each curcumin form in the curcumin mixture
exhibits the same effect. In another study by Chearwae et al., curcumin mixture
and three major curcuminoids purified from turmeric (curcumin I, II, and III) were
tested for their ability to modulate the function of MRP1 using HEK293 cells sta-
bly transfected with MRP1-pcDNA3.1 and pcDNA3.1 vector alone.139 The IC50

of curcuminoids in these cell lines ranged from 14.5 to 39.3 �M. Results indicated
that curcuminoids might not be MRP1 substrate because the IC50 values were al-
most identical in both parental and MRP1-transfected cells. Upon treating the cells
with etoposide, in the presence of 10 �M curcuminoids the sensitivity of etoposide
was increased several-fold only in MRP1-expressing and not in pcDNA3.1-HEK
293 cells. Western blot analysis showed that the total cellular level of the MRP1
protein level was not affected by treatment with 10 �M curcuminoids for 3 days.
The modulatory effect of curcuminoids on MRP1 function was confirmed by the
inhibition of efflux of two fluorescent substrates: calcein-AM and fluo4-AM. Al-
though all three curcuminoids increased the accumulation of fluorescent substrates
in a concentration-dependent manner, curcumin I was the most effective inhibitor.
The potency of curcumin I was comparable to MK-571, which is known to inhibit
MRP1-mediated transport with high affinity. In addition, curcuminoids did not
affect 8azido[�-32P]ATP binding; however, they did stimulate the basal ATPase
activity and inhibited the quercetin-stimulated ATP hydrolysis of MRP1, demon-
strating the interaction of curcuminoids most likely at the substrate-binding site(s)
on this multidrug transporter. In summary, these results demonstrate that curcum-
inoids effectively inhibit MRP1-mediated transport, and among curcuminoids,
curcumin I, a major constituent of curcumin mixture, is the best modulator.
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Recently, other workers have reported the modulation of MRP1 and MRP2
function by curcumin mixture.153,154 In addition, the curcumin mixture appears to
affect the trafficking of �F508 mutant of cystic fibrosis transmembrane regula-
tor (CFTR),155 which also belongs to the ABCC subfamily (ABCC7), similar to
MRP1 (ABCC1) and MRP2 (ABCC2). The curcumin mixture has been reported
to stimulate the chloride channel activity of wild-type CFTR.156 Further extensive
work of interest is whether curcumin I concentrations achieved in vivo are suffi-
cient to inhibit MRP1 function and or expression, and extensive pharmacokinetics
studies with curcumin I will be required to know the steady-state levels of phyto-
chemical reached in blood and tissue after its administration at pharmacological
doses. However, recent work suggested that the curcumin mixture, and all three
pure forms of curcumin (I, II, and III) inhibit the function of MRP1.139 Curcumin
I was the most effective form as an inhibitor of MRP1, similar to previous results
with Pgp.138 These agents thus might have a beneficial effect on cancer chemother-
apy with respect to the possibility of long-term use without concerns regarding
MRP1 or MDR1 activation.

We recently extended our investigation to assess whether THC, a major metabo-
lite of curcumin, is able to modulate MRP1 function using pcDNA 3.1 and
pcDNA3.1-MRP1 transfected HEK293 cells.157 The efflux of a fluorescent sub-
strate calcein AM was inhibited effectively by THC; thereby, the accumulation of
calcein was increased in MRP1-HEK 293 and not its parental pcDNA3.1-HEK
293 cells. The MDR-reversing properties of THC on MRP1 were determined by
MTT assay. THC (20–25 �M) significantly increased the sensitivity of etoposide
in MRP1-HEK 293 cells. This effect was not found in respective drug-sensitive
parental cell lines. A consistent finding was reported in MDCKII cells trans-
fected with MRP1; THC significantly increased 3[H]-EGCG in MDCKII/MRP1-
overexpressing cells.154 Taken together, these studies clearly showed that THC
inhibits the efflux function of MRP1 and it is able to extend the MDR-reversing
activity of curcuminoids in vivo.

4.3. Effect on MXR or ABCG2

As reported earlier, the curcumin mixture and purified curcuminoids (curcumin I,
II, and III) could reverse the MDR in cells expressing Pgp and MRP1 by inhibit-
ing the functions mediated by these transporters.138,139,149 It was also shown that
curcumin I, which is a major constituent (70–75%) of a curcumin mixture, was
most potent among the purified curcuminoids in inhibiting the activity of both of
the transporters. Purified curcuminoids were further evaluated for their modulating
effects on the function of either the wild-type 482R or mutant 482T ABCG2 trans-
porter, stably expressed in human embryonic kidney 293 cells and drug-selected
MCF7FLV1000 and MCF7AdrVp3000 cells.158

It has been reported previously that the amino acid at position 482 has a
crucial role in the substrate and inhibitor specificity of ABCG2 and that mu-
tants R482→T/G exhibit altered drug resistance profiles and substrate speci-
ficity of MXR.67,68 Therefore, we decided to investigate the modulating effects
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of curcuminoids on ABCG2 activity in both wild-type R482 stably expressed in
HEK 293 cells, and the mutant 482T overexpressed in MCF7AdrVp3000 cells.
The drug-selected MCF7FLV1000 and MCF7AdrVp3000, which overexpressed
the wild-type R482 and the mutant 482T ABCG2, respectively, were chosen be-
cause the protein was overexpressed in these breast cancer cell lines under its
own promoter at higher levels159 in sufficient quantity for biochemical charac-
terization. Curcumin I, II, III and the curcumin mixture inhibited the efflux of
ABCG2 substrates and the presence of nontoxic concentrations of curcuminoids
(10 �M) increased (threefold to eightfold) the sensitivity of ABCG2-expressing
cells to anticancer drugs, including mitoxantrone, topotecan, SN-38, and doxoru-
bicin. This reversal was not due to reduced expression, becauseABCG2 protein
levels were unaltered by treatment with 10 �M of curcuminoids for 3 days. In
addition, [3H]-curcumin-I transport assays demonstrate that the curcuminoids are
not transported by ABCG2. Curcuminoids stimulated (2.4- to 3.3-fold) ATPase
activity of ABCG2 at very low concentrations (7–18 nM) and inhibited both the
photolabeling of ABCG2 with two photoaffinity analogues, [125I]-IAAP and [3H]-
azidopine, and also the transport of these agents.

Curcuminoids interact at the drug–substrate binding sites on drug transporters
with very high affinity and inhibit ABCG2-mediated drug resistance. Taken to-
gether, our previous work with Pgp and MRP1 and this study with ABCG2 sug-
gest that curcumin I is a very effective modulator, which should be considered as
a potential compound for development of reversal agents designed to overcome
MDR mediated by these three major ABC drug transporters.

In another study by our group using MXR-overexpressing MCF7AdrVp3000 or
MCF7FL1000 and its parental MCF-7, we assessed whether THC, a major metabo-
lite of curcumin, is able to modulate MXR function.157 The binding of [125I]-IAAP
to MXR was also inhibited by THC, suggesting that THC interacted with the drug-
binding site of the transporter. THC dose-dependently inhibited the efflux of mi-
toxantrone and pheophorbide A from MXR-expressing cells (MCF7AdrVp3000
and MCF7FL1000). THC at 25 �M significantly increased the sensitivity of mi-
toxantrone in drug-resistance MCF7AdrVp3000 cells. This effect was not found
in MCF-7 drug sensitive parental cell lines.

4.4. Effect on NF-�B and Inhibitor Apoptotic Proteins

Nuclear factor-�B has been implicated in both carcinogenesis and the develop-
ment of drug resistance in cancer cells.160,161 Most reports suggest that NF-�B
mediates survival signals that counteract apoptosis.156a,162 NF-�B-activated ex-
pression of genes that inhibit apoptosis, such as A20, IAPs (inhibitor apoptotic
proteins), and TRAFs, is probably involved in the mediation.163,164 Upon acti-
vation, NF-�B dissociates from the inhibitory I�B� and translocates from the
cytoplasm to the nucleus, where it binds to the promoter elements and transacti-
vates gene expression.165 This general activation of NF-�B by anticancer drugs
can be attenuated by pretreatment with common biologic modulators. Chuang
et al. demonstrated that NF-�B can be activated by all four of the anticancer drugs
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in three cancer cell lines (liver, uterine cervix, and urinary bladder) examined.166

Each of the four anticancer drugs used (doxorubicin, 5-FU, cisplatin, and pacli-
taxel) possesses distinct modes of action that cause different types of damage
to cancer cells. However, universal NF-�B activation was observed. These re-
sults suggest the existence of a common set of cellular elements that sense the
challenge by these drugs as a type of stress and transmits this signal to NF-�B.
When cells were pretreated with common biologic modulators such as tamoxifen,
dexamethasone, and curcumin, the doxorubicin-induced NF-�B activation was at-
tenuated significantly. This inhibition might play a role in sensitizing cancer cells
to chemotherapeutic drugs.

In another study using human hepatic cancer cells and the combination of cur-
cumin with cisplatin or doxorubicin, the levels of NF-�B were lower than those
predicted from the effects of the single agents.6 Except for Bcl-2, the human hep-
atic cancer cells expressed different other genes, including the IAPs, implicated
in cell proliferation and survival. Curcumin determined early changes in cyclo-
oxygenase (COX)-2 and c-myc mRNAs, which were downregulated, and in livin
mRNA, which was upregulated. Later it decreased Bcl-XL mRNA and increased
Bcl-Xs and c-IAP-2 mRNAs. Cisplatin and doxorubicin exerted distinct effects on
gene expression. The cytotoxic interactions between curcumin and these agents
were accompanied by synergistic or additive effects of decrease in the expression
of different genes, including c-myc, Bcl-XL, c-IAP-2, NAIP, and XIAP. The ex-
pression of XIAP and other IAPs can be upregulated by NF-�B.167,168 Thus, the
inhibition of NF-�B by curcumin might be of help to antagonize the IAPs as well
as other NF-�B target genes (e.g., COX-2, Bcl-XL and c-myc) involved in the ad-
verse biology of cancer. Singh and Aggarwal showed that curcumin could suppress
NF-�B activation induced by TNF, phorbol ester, and H2O2 through suppression
of I�B� degradation.169 Recently, Aggarwal et al. demonstrated that curcumin
inhibits the tumor necrosis factor (TNF)-induced I�B� kinase complex and Akt
activation, which blocks phosphorylation of I�B� and p65, leading to suppression
of events required for NF-�B gene expression.170

In human cervical carcinoma cells, curcumin sensitizes tumor cells more effi-
ciently to the therapeutic effect of paclitaxel.171 Paclitaxel is the best anticancer
agent that has ever been isolated from plants, but its major disadvantage is its
dose-limiting toxicity. Furthermore, tumors tend to acquire resistance to cytotoxic
chemotherapeutic agents, including paclitaxel. A combination of 5 nM paclitaxel
with 5 �M curcumin augments anticancer effects more efficiently than pacli-
taxel alone, as evidenced by increased cytotoxicity and reduced DNA synthesis
in HeLa cells. This synergistic effect was not observed in normal cervical cells in
which paclitaxel downregulates NF-�B. Evaluation of signaling pathways com-
mon to paclitaxel and curcumin reveals that this synergism was in part related
to downregulation of NF-�B and serine/threonine kinase Akt pathways by cur-
cumin. An electrophoretic mobility shift assay revealed that activation of NF-�B
induced by paclitaxel is downregulated by curcumin. Curcumin-downregulated
paclitaxel induced phosphorylation of the serine/threonine kinase Akt, a survival
signal regulated by NF-�B. Tubulin polymerization and cyclin-dependent kinase
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Cdc2 activation induced by paclitaxel was not affected by curcumin. These results
lead to the conclusion that the synergistic effect of Taxol and curcumin in inducing
apoptosis in cervical cancer cells follows a pathway that is independent of tubulin
polymerization and cell cycle arrest, at least at lower concentrations of curcumin.

5. CONCLUSIONS AND FUTURE PERSPECTIVES

Many studies have been performed with the aim of developing effective resis-
tance modulators to overcome the MDR of human cancers. Potent MDR modu-
lators are being investigated in clinical trials. Many current studies are focused
on herbal constituents because these have been used for centuries without pro-
ducing any harmful side effects. Curcuminoids (curcumin, demethoxycurcumin,
and bisdemethoxycurcumin) purified from turmeric are able to modulate the efflux
function of Pgp, MRP1 and mitoxantrone resistance protein (MXR), and curcumin
I, a major constituent of curcumin mixture, was the most effective. Tetrahydrocur-
cumin, a major metabolite form of curcuminoids in humans, inhibits the efflux
function of these three major ABC drug transporters and it is able to extend the
MDR-reversing activity of curcuminoids in vivo.

Curcuminoids were reported to modulate Pgp, MRP1, and MXR by interacting
directly with drug- or substrate-binding site(s). This might involve competitive
binding to the substrate-binding site or binding to other drug-binding sites and
altering molecular conformation, as indicated by the altered photoaffinity labeling.
Curcuminoids did not affect the ATP-binding site; however, they did stimulate the
basal ATPase activity and inhibited verapamil-stimulated ATP hydrolysis of Pgp
or quercetin hydrolysis of MRP1. Curcuminoids also stimulated ATPase activity
of MXR or ABCG2 at very low concentrations (7–18 nM). Curcumin is the most
potent inhibitor for all three drug transporters, as the chemical structure of curcumin
I might make it more suitable for binding to the drug-binding site of Pgp than that
of curcumin II and III, because curcumin I has a balance of two hydroxyl and
methoxyl groups on each side, and the presence of two methoxyl groups in the
curcumin I molecule might help its inhibitory activity on the Pgp function.

Bisdemethoxycurcumin, or curcumin III, can upregulate MDR1 gene expres-
sion. Western blot and RT-PCR analysis indicated that bisdemethoxycurcumin
decreased the protein and mRNA levels of Pgp in cultures. The EMSA demon-
strated that CREB is the transcription factor that binds to the MDR1 gene promoter
in residues –84 to –65. However, curcuminoids do not change protein and RNA
levels of MRP1 and MXR drug transporters. The mechanism for herbal modulation
of the MDR1 gene is largely undetermined.

The inhibition of Pgp, MRP1, and MXR by curcumin might provide a novel
approach for reversing MDR in tumor cells. Additional in vivo studies are required
to determine if curcumin has potential as an effective and safe chemosensitizer for
treating cancers expressing Pgp. Phase II and III clinical trials of many known
MDR modulators might soon yield informative results that should help to decide
whether the chemosensitizer works in clinical oncology. In addition, many ABC
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transporters have not yet been identified and characterized. As more information
on these proteins becomes available, we might be able to more effectively design
drug combinations that will provide increased selectivity of action at the desired
tissue site.
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RADIOPROTECTION AND
RADIOSENSITIZATION BY CURCUMIN

Ganesh C. Jagetia

Abstract: This chapter gives an overview of the radioprotective and radiosensi-
tizing effect of curcumin. Ionizing radiations interact with biological molecules
inducing radiolytic products like eaq, •OH, •H, −OH, +H, O2, and peroxides. These
free radicals damage important biomolecules and subsequently inflict deleterious
effects in the organism. Whole-body exposure to ionizing radiations results in cen-
tral nervous system, gastrointestinal tract, and bone marrow syndromes, whereas
chronic irradiation causes cancer, birth anomalies, erythema, and dysfunctions
to almost all organ of the body depending on the total dose and site of irradia-
tion. Curcumin (diferuloyl methane), a yellow pigment present in the rhizomes
of turmeric, has been used in Southeast Asia to give yellow color and flavor to
curries. Turmeric has been used to treat various ailments in the Ayurvedic system
of medicine in India. Recently, it has been evaluated for its radioprotective and
radiosensitizing activities. Curcumin has been found to exert a dual mode of ac-
tion after irradiation depending on its dose. It has been reported to protect various
study systems against the deleterious effects induced by ionizing radiation and to
enhance the effect of radiation. Therefore, curcumin can be very useful during
radiotherapy of cancer. Administration of curcumin in patients will be able to kill
the tumor cells effectively by enhancing the effect of radiation and, at the same
time, protect normal cells against the harmful effects of radiation. The available
information on curcumin suggests that the radioprotective effect might be mainly
due to its ability to reduce oxidative stress and inhibit transcription of genes related
to oxidative stress and inflammatory responses, whereas the radiosensitive activity
might be due the upregulation of genes responsible for cell death.

1. INTRODUCTION

1.1. Interaction of Ionizing Radiations with Biological Systems

Ionizing radiations like X-rays and � -rays, � particles, � particles, and neutrons
have sufficient energy to knock out an electron and ionize atoms of the medium.
The ability to ionize radiations to produce ionization is responsible for biological
damage. Ionizing radiations interact with the biological molecules in two ways:
the direct effect and the indirect effect. High-LET (linear energy transfer) radi-
ations interact with biological systems by directly producing free radicals in the
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Figure 1. Mechanism of radiation-induced damage.

biomolecules and causing cellular damage (Figure 1). Because biological systems
contain 75–90% water, the predominant effect by which ionizing radiations cause
damage to the important biomolecules is through radiolysis of water (the indirect
effect; Figure 1), where ionizing radiation interacts with water molecule(s) to pro-
duce a wide range of reactive oxygen species (ROS) such as eaq, •OH, •H, −OH,
+H, O2, and peroxides.1 Among these hydroxyl (•OH) and hydrogen (•H) radicals
are free radicals (containing an unpaired electron in the outermost orbit and are
highly reactive). The •OH radical is a highly reactive and oxidizing species that can
react virtually with all cell constituents at diffusion-controlled rates.2,3 Among the
entire cell constituents, DNA, lipids, and proteins are the principal targets for the
attack of •OH radicals.4 As a result of the interaction of •OH radicals with the cel-
lular genome, a cascade of events is initiated leading to various pathophysiological
disorders and eventually to cell death.5−7

1.2. Harmful Effects of Ionizing Radiation

The whole-body exposure to ionizing radiations induces radiation sickness and
syndromes depending on the exposure dose. If the dose of radiation is very high
(i.e., ≥50 Gy), it causes death within minutes and up to 48 h and is called the central
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nervous system syndrome. It is characterized by ataxia, uncoordinated aberrant
movements and tremors, response to stimuli with convulsions, vomiting, repeated
defecation, watery diarrhea, nystagmus, meningismus, tremors, and intermittent
seizures, which might be found singly or in combination. Whole-body irradiation
to doses between 5 and 10 Gy cause the gastrointestinal syndrome, and death of the
individual occurs between 3 and 10 days due to failure of the gastrointestinal tract.
It is characterized by fever, vomiting, anorexia, diarrhea, infection, dehydration,
weight loss, diminishing food and water intake, and decrease in gastric retention
and intestinal absorption. If the exposure dose is still lower (i.e., 2–10 Gy), the
death of exposed individual takes a longer time (i.e., within 30 days) and is due to
the failure of bone marrow, and the characteristic features include onset of chills,
fatigue, petechial hemorrhages in the skin and ulceration of mouth and pharynx,
and epilation. Cutaneous injury from thermal or radiation burns is characterized by
the loss of epidermis and, at times, dermis. Injuries to the skin might cover small
areas but extend deeply into the soft tissue, even reaching underlying muscle and
bone.8,9 They might be accompanied by profound local edema and place the patient
at risk for a compartment syndrome. Patients presenting with burns immediately
after exposure have thermal rather than radiation burns. Significant injuries to the
integument decrease the LD50/60 and amplify the risk for death at any radiation
exposure dose.

Apart from acute doses, exposure to low and chronic doses of radiation has been
reported to cause cancer, birth anomalies, erythema, and dysfunctions to almost
all organ of the body depending on the total dose. Local body irradiation at low
as well as high doses of radiation cause pathological changes in almost all organs
and these changes are radiation dose dependent. Some of the organs like the brain;
bone, muscles, thyroid, pituitary, adrenals, and liver are radioresistant, whereas
others like the lymphoid organs, reproductive organs, bone marrow, and intestinal
crypts are radiosensitive. Some of the effects require a definite dose to express the
changes (e.g., erythema) and are known as nonstochastic or deterministic effects,
whereas for others like the genetic effect and cancer, no threshold dose exists and
this is known as the stochastic effect. In humans, therapy-related adverse effects are
erythema, xerostomia, mucositis, loss of taste, infection of wounds, and fistulas.

1.3. Therapeutic Uses of Ionizing Radiation

The therapeutic uses of radiation date back to 1896 when the dermatologist Freund
used it to treat a hairy nevus. In the early days of radiation, it was primarily used
for dermatological treatment. Emil Grubbe, a Chicago electrician and metallurgist,
first treated the recurrent breast cancer of a 55-year-old woman in the last days of
January 1896—only weeks after the announcement of Roentgen’s discovery. In
1901, Frands Williams published work on the X-ray cure of a cancer of the lower
lip.10,11 Radiation therapy is useful in cases where surgical removal of the cancer
is not possible or when surgery might debilitate the patient (e.g., when tumors are
located close to the spinal cord). Together with image-guided treatment planning,
radiation therapy is a powerful tool in the treatment of cancer, particularly when the
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cancer is detected at an early stage. Radiation therapy is used in the treatment of as
many as 50% of all cancer patients. Cancer patients receive radiation therapy each
year, either alone or in conjunction with surgery, chemotherapy, or other forms of
cancer therapy.

Radiation therapy can be used following surgery to destroy any cancer cells
that were not removed by surgery, or prior to surgery to “shrink” a previously
inoperable tumor to a manageable size to enable surgical excision. Radiation can
also be used to destroy any remaining cancer cells after surgery. Chemotherapy and
radiation therapy can also be used together to effectively treat the cancer. Radiation
can also be used to help relieve symptoms of advanced cancer (such as bleeding
or pain), even if a cure is not possible.

2. RADIATION PROTECTION BY CURCUMIN

The discovery of X-rays by Roentgen in 1895 and radioactivity by Bacquerel in
1896 can be considered as the turning point in human health care, as the X-ray
allowed one to see inside the human body. Although harmful effects of ionizing
radiation was reported within months of the discovery of X-rays, its real magnitude
was not known. The study of occupational workers like physicians and scientists
handling radioactivity gave a clear picture of the harmful effects of ionizing radi-
ations, which was further strengthened after the study of Japanese atomic bomb
survivors of 1945. The use of chemicals to protect against the harmful effects of
radiation was attempted after World War II with the realization of the need to safe-
guard humans against the military use of atomic weapons. Patt and his co-workers
were the first to investigate the effect of the amino acid cysteine in rats exposed
to lethal doses of X-rays.12 They found that pretreatment of rats protected them
against radiation-induced lethality. With the recognition that normal tissue pro-
tection during radiotherapy is as important as the destruction of the cancer cells,
the focus of protection research became more therapy oriented. Thereafter, several
chemical compounds and their analogues have been screened for their radioprotec-
tive ability; however, their high toxicity at optimum protective doses precluded their
clinical use.13,14 The other major drawback of these compounds was that they were
unable to provide postirradiation protection. A good chemical protector should be
able to protect against the deleterious effect of radiation during therapeutic pro-
cedures as well as during nuclear accidents, space flight, and so forth. An ideal
radioprotector should be inexpensive, have no toxic implications, and can be orally
administered, with rapid absorption and a reasonably good dose reduction factor.

Dietary agents that are already consumed by humans have not received the at-
tention they deserve for their potential radioprotective effect. It is likely that if such
agents are radioprotective, they might be more easily and safely used in patients
undergoing radiotherapy than other radioprotective chemicals. Patients might tol-
erate dietary agents better than other drugs because humans consume many of these
dietary ingredients daily.15 Turmeric, Curcuma longa (family: Zingiberaceae), is
an ancient spice, a native of Southeast Asia, used from antiquity as a dye and a
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condiment. It is still used in rituals in the Hindu religion and as a dye for holy robes,
being natural, unsynthesized, and inexpensive. Its use dates back nearly 4000 years,
to the Vedic culture in India, where it was used as a culinary spice and had some
religious significance. Turmeric, as an additive, improves the palatability, aesthetic
appeal, and shelf life of perishable food items. The use of turmeric became more
popular when it was found to act as a therapeutic agent for various illnesses. In the
Ayurvedic system of medicine, turmeric is used as a tonic and as a blood purifier.
Its role in the treatment of skin diseases and its ability to soften rough skin resulted
in the prolific use of turmeric in topical creams and bath soaps in India. Turmeric is
also used in home remedies in the treatment of cuts, wounds, bruises, and sprains.
Its use as an anti-inflammatory and antimicrobial agent has been recognized for
more than a century. The importance of turmeric in medicine took a new twist
when it was discovered that the dried rhizome of Curcuma longa is very rich in
phenolics, whose structures have been identified as curcuminoids, which are chem-
ically related to its principal ingredient, curcumin. Curcumin (diferuloyl methane),
the natural yellow pigment in turmeric, is isolated from the rhizomes of the plant
Curcuma longa. It constitutes about 3–4% of the composition of turmeric. In the
south and southeast tropical Asian countries, turmeric has been used for centuries
as a spice to give the specific flavor and yellow color to curry.16,17

Oral administration of 5, 10, and 20 mg/kg body weight (b. wt.) curcumin
to mice significantly reduced the frequencies of micronucleated polychromatic
erythrocytes (MPCEs) exposed to whole-body exposure to 1.15 Gy or 0.05 Gy/s
� -radiation at 24, 30, and 48 h postirradiation. This effect was observed after
a single administration either 2 h before or immediately after irradiation.18 In
another study, oral administration of 400 �mol to mice reduced the radiation-
induced chromosomal aberrations and micronuclei in polychromatic erythrocytes
of mice exposed to 1.5–3 Gy � -radiation.19 Pregnant rats exposed to 1.5 or 2.6 Gy
� -radiation on day 20 of gestation developed mammary tumors, whereas feeding of
1% curcumin diet to rats between 11 and 23 days of gestation consistently reduced
the radiation-induced tumors, indicating that curcumin treatment protected rats
against radiation-induced mammary tumors.20,21 Irradiation of rats to 13.5, 15.5,
16, or 18 Gy � -irradiation resulted in a dose-dependent increase in the radiation-
induced mucositis in rats, whereas curcumin treatment at a dose of 200 mg/kg
daily until the end of the experiment protected rats against the radiation-induced
mucositis.22

Curcumin was evaluated for its efficacy in radioprotection using Saccharomyces
cerevisiae cells. Curcumin (1, 10, or 100 mM) treatment protected normal yeast
cells from damage induced by � -radiation. Using rad52 mutants, which lack a re-
combinational DNA repair pathway, it was found that protection was solely brought
about by reducing DNA damage rather than by interfering with DNA repair. These
results were further confirmed with DNA repair polymerase studies.23 Irradiation
was found to enhance inducible nitric oxide synthase (iNOS) and nitric oxide (NO)
production in mouse macrophages, whereas treatment of macrophages with 10 �M
reduced the NO production and nitration of proteins.24 Protein kinase C (PKC)
activity has been reported to be elevated in mice liver cytosol after 5 Gy irradiation,
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whereas treatment of liver cytosol with curcumin reduced the radiation-induced
PKC activity.25 The ability of curcumin and its metabolite tetrahydrocurcumin
(THC) was found to inhibit radiation-induced lipid peroxidation in rat liver micro-
somes. Irradiation was found to increase lipid peroxidation in a dose-dependent
manner and curcumin or THC treatment reduced the radiation-induced lipid per-
oxidation in liver microsomes.26

The glyoxalase enzyme system is present during embryogenesis and tissue
maturation and continues to persist until cell death.27 It regulates cell division
and differentiation.28−30 The glyoxalase system is reported to be radiosensitive,31

particularly glyoxalase I, which could be used as a biochemical indicator for ra-
diomodification studies.32,33 Irradiation of mice liver to 0–6 Gy have been reported
to increase the activity of glyoxalase I in a dose-dependent manner up to 4 Gy,
whereas glyoxalase II activity was inhibited after irradiation. Treatment of mice
with 5, 25, or 50 mg/kg b.wt. curcumin before exposure to different doses of � -
radiation resulted in the restoration of glyoxalase I activity to the control level at
all curcumin doses. Curcumin pretreatment also helped to reduce the radiation-
induced decline in glyoxalase II activity.34

The author and his group have studied the radioprotective effect of curcumin by
using various study systems in vivo and in vitro. The use of the excision wound
model has consistently proved the radioprotective activity of curcumin. A full-
thickness wound was created on the dorsum of the irradiated mice and the pro-
gression of wound contraction was monitored by capturing video images of the
wound at various postirradiation days. Whole-body irradiation of mice to 6 Gy of
� -radiation caused a significant delay in the wound contraction and wound-healing
time. Oral administration of mice with 25, 50, 100, 150, or 200 mg/kg b.wt. cur-
cumin before irradiation resulted in a curcumin dose-dependent elevation in the
wound contraction and the highest contraction was observed at 100 mg/kg. The
wound contraction was significantly greater at 3 (p < 0.009), 6 (p < 0.05), and
9 (p < 0.05) days postirradiation with 100 mg/kg curcumin. The complete heal-
ing of the wound was achieved by day 22 postirradiation in the curcumin-treated
irradiation group.

Extended studies have shown that treatment of mice with 100 mg/kg curcumin
before whole-body exposure to 2, 4, 6, or 8 Gy protected mice against the radiation-
induced delay in the repair and regeneration of the wound.35,36

Hemi-body exposure of mice to 2, 4, 6, or 8 Gy resulted in a delayed
wound-healing, whereas oral administration of 100 mg/kg curcumin protected
mice against the radiation-induced delay in the wound repair and reduced the
mean wound-healing time when compared to irradiated wounds.37 The effect of
radiotherapy-related exposure was also evaluated where mice were exposed daily to
2 Gy per day for varying times and the assessment of wound-healing was done after
exposure to 10, 20, or 40 Gy of hemi-body radiation. This regimen resulted in a ra-
diation dose-dependent inhibition of wound repair and a maximum inhibition of re-
pair was observed in those mice receiving 40 Gy of partial-body � -radiation. When
the animals were given 100 mg curcumin daily before each fraction of radiation, it
resulted in the enhancement of repair and faster healing of wounds, as evident by
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Figure 2. Effect of 100 mg/kg curcumin on the healing of an excision wound exposed to
different doses of fractionated � -radiation.

a greater contraction of the wound (Figure 2) and reduction in the mean wound-
healing time (Figure 3). The protection against the radiation–induced changes in
wound-healing was due to the higher synthesis of DNA, collagen, hexosamine, ni-
trite, and nitrate during the healing process in the granulation tissue, which allowed
early wound modeling.36 The histological examination of wound biopsies period-
ically showed increased fibroblasts, angiogenesis, and collagen deposition.36

Lessons from the experience with radioprotectors worldwide are that animal
studies with survival as the end point are the most confirmatory, as 30-day survival
after lethal whole-body irradiation clearly indicates the capacity of the drug to fa-
cilitate recovery, and regeneration. Regeneration of the gastrointestinal epithelium
and hemopoietic progenitor cells in the bone marrow, the two most radiosensitive
organs, which are essential for sustenance of life.38 Therefore, survival studies can
be considered as the most effective parameter for testing the radioprotective ability
of any pharmacological agent after irradiation. Treatment of mice with 100 mg/kg
curcumin for 5 consecutive days before exposure to 7, 8, 9, or 10 Gy increased the
survival of mice and a dose reduction factor of 1.15 was reported. A similar study
was done after infliction of the wound. The combined injuries reduced the LD50/30
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Figure 3. Effect of 100 mg/kg curcumin on the mean wound-healing time in mice exposed
to different doses of fractionated � -radiation.

of mice, whereas curcumin treatment for 5 consecutive days before irradiation and
infliction of additional injury in the form of a wound increased the survival of
mice (Figure 4), indicating that curcumin has a protective effect even in cases of
combined injuries.

The effect of 100 mg/kg curcumin on the alteration in the antioxidant status of
mice partially (hemi-body) exposed to 10, 20, or 40 Gy of fractionated (2 Gy/day)
� -radiation was studied. Irradiation of animals resulted in a dose-dependent decline
in the activities of superoxide dismutase, glutathione peroxidase, and glutathione
concentration at various postirradiation times. Curcumin pretreatment resulted in
a significant elevation in the activities of both the enzymes and glutathione in the
irradiated mouse skin (Figure 5). Conversely, lipid peroxidation increased in a
dose-dependent manner in both of the groups, reaching a peak level by 3 h postir-
radiation, whereas curcumin pretreatment inhibited the radiation-induced elevation
in lipid peroxidation in the skin of mice exposed to different doses of fractionated
� -radiation.

The role of various concentration of curcumin was studied on the radiation-
induced genotoxicity in cultured human peripheral blood lymphocytes (HPBLs)
exposed to 3 Gy � -radiation. Treatment of HPBLs to different concentrations
of curcumin did not significantly alter the spontaneous frequency of micronu-
cleated binucleate cells (MNBNCs). The irradiation of HPBLs to 3 Gy caused
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Figure 4. Effect of oral administration of curcumin on the 30-day survival of mice exposed
to different doses of whole-body irradiation before infliction of the excision wound. �:
irradiation + wound; �: irradiation alone; �: curcumin + irradiation + wound; •: curcumin
+ irradiation

a significant elevation in the frequency of MNBNCs. Treatment of HPBLs with
different doses of curcumin before exposure to 3 Gy � -radiation caused a sig-
nificant decline in the radiation-induced micronuclei formation up to 2 �g/mL
when compared with the non-drug-treated 3-Gy-exposed cultures. A further in-
crease in the curcumin concentration resulted in the elevation in the frequency
of MNBNCs, and the highest frequency of MNBNC was observed at 50 �g/mL
curcumin when compared with 3 Gy alone. Of all of the concentrations of cur-
cumin screened, the lowest frequency of micronuclei was observed for 0.5 �g/mL
(Figure 6).

3. CURCUMIN AND UV RADIATION

Exposure of excessive sunlight is an important etiologic factor in the development
of acute inflammation, characterized by erythema, edema, and immunosuppres-
sion and is thus linked to the progression of skin cancer.39,40 Ultraviolet B (UVB)
in the 290–320-nm range is a well-known major risk factor for the development
of acute inflammation as well as nonmelanoma skin cancer in the epidermis.41−43

The sequence of carcinogenic events includes UVB-induced p53 mutation, forma-
tion and expansion of p53 mutant clones, creation of precancers, and malignant
conversion of precancerous lesions to carcinoma in situ and SCC (sequamous cell
carcinoma).41,44 Accumulating data indicate that UVB exerts its detrimental effect
mainly through the induction of direct DNA damage or the production of reactive
oxygen species (ROS).45−47 Direct DNA damage or ROS often triggers some sig-
naling pathways such as mitogen-activated protein kinases (MAPKs), which are
known to be involved in the proliferation and survival of the cells.48,49 Effect of
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Figure 5. Effect of curcumin on various antioxidants and lipid peroxidation in mouse skin
exposed to fractionated doses of � -radiation: (a) glutathione peroxidase; (b) glutathione;
(c) superoxide dismutase, and (d) lipid peroxidation.
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Figure 6. Effect of various concentrations of curcumin on the micronuclei formation in
cultured HPBLs exposed to 3 Gy � -radiation.

UV-induced oxidative stress and apoptosis was studied in A431 cells treated or not
with curcumin. UV radiation was found to increase the ROS generation and cause
a time-dependent decline in the cell viability, whereas curcumin treatment arrested
this trend. Curcumin pretreatment significantly reduced UV-induced ROS, where
50 �M curcumin arrested ROS generation up to 35% of the control. Curcumin
treatment was found to reduce matrix mitochondrial membrane potential (MMP)
after 1 and 2 h of UV exposure, whereas curcumin pretreatment completely blocked
this reduction in MMPs. Curcumin also reduced UV-induced apoptotic changes,
cytochrome-c release and c-Jun N-terminal kinase (JNK) activation, loss of MMP,
mitochondrial release of caspase-3 activation, and cleavage/activation of PAK2
in A431 cells.50 Curcumin has also been reported to inhibit SOS gene (umuC)
expression and UV-radiation-induced mutagenesis in Salmonella typhimurium
TA1535/pSKlO02 and Escherichia coli K-12 strains in a concentration-dependent
manner.51

In another study the expression of cycloxygenase (COX)-2 and associated
molecular mechanisms were studied in curcumin-treated UVB irradiated HaCaT
cells. The expression of COX-2 mRNA and protein were upregulated in UVB-
irradiated HaCaT cells in a dose- and time-dependent manner, and treatment of
HaCaT cells with curcumin inhibited UVB-irradiation-induced COX-2 mRNA and
protein expression in a concentration-dependent manner. Curcumin also inhibited
UVB-induced activations of p38 MAPK and JNK in HaCaT cells. The DNA-
binding activity of activator protein-1 (AP-1) transcription factor was markedly
reduced by curcumin treatment in UVB-irradiated HaCaT cells.52
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4. RADIOSENSITIZATION BY CURCUMIN

Radiosensitization has been studied extensively with various chemotherapy drugs
(cisplatinum, 5-FU, taxols) prior to irradiation or as concomitant treatment for
patients with head and neck SCC. The side effects of these drugs, however, pre-
vent their routine use for all irradiated patients; thus, the chemotherapy–radiation
protocols are currently used only as a part of clinical trials for organ preservation
or for patients with unresectable cancers. Local tumor control, or radiocurability,
after curative radiotherapy is contingent on the successful killing of all clonogenic
cells capable of tumor regrowth. This is influenced by resistance factors acting
at a cellular level, such as intrinsic cellular radiosensitivity, the repair of ioniz-
ing radiation-induced DNA damage, and microenvironmental resistance factors at
the three-dimensional level of the stromal tissues and tumors. The latter includes
tumor hypoxia and its reoxygenation and tumor cell proliferation with the poten-
tial for accelerated repopulation of surviving tumor clonogens.53,54 Specifically,
modification of the intrinsic cellular radiosensitivity by resistance factors, as indi-
cated by an increased surviving fraction at 2 Gy within the clonogenic radiation
cell survival curve, is an important concept. Small increases in this parameter can
lead to large, logarithmic decreases in final cell killing after therapeutic doses of
fractionated radiotherapy. The studies on the intrinsic radiosensitivity of some hu-
man malignancies based on pretreatment biopsies have been shown to predict for
clinical radiocurability and patient outcome.55,56

Treatment of the p53 mutant prostate cancer cell line with 2 or 4 �M curcumin
before irradiation to 5 Gy resulted in the enhancement of the effect of radiation,
as evident by a decline in the cell survival when compared to irradiation alone.
Curcumin pretreatment also enhanced the apoptosis at 24 and 48 h after irradiation
when compared to radiation alone. Irradiation of PC-3 cells upregulated tumor
necrosis factor (TNF)-� protein, leading to an increase in nuclear factor (NF)-�B
activity and Bcl-2 protein. Pretreatment of PC-3 cells with curcumin inhibited
TNF-� mediated NF-�B activity and expression of Bcl-2 protein without altering
the expression of Bax protein. Apart from that, curcumin pretreatment increased
the activation of cytochrome-c and caspase-9 and caspase-3 enzymes.57

Irradiation of squamous cell carcinoma SSC2 resulted in a radiation dose-
dependent decline in cell survival as well as cell count. Whereas treatment of
SSC2 cells with 3.5 �M curcumin for 48 h enhanced the radiation-induced de-
cline in the cell survival and cell counts. These results indicate that curcumin
enhanced the effect of radiation in vitro.58 In another study, the effect of turmeric
and curcumin on the frequencies of chromosome aberrations in Chinese hamster
ovary (CHO) cells exposed to 2.5 Gy � -radiation was studied. Treatment of CHO
cells with 100, 250, or 500 mg/mL turmeric or 2.5, 5, or 10 �g/mL curcumin,
before exposure to 2.5 Gy during different phases of the cell cycle increased the
frequencies of chromosome aberrations. Turmeric at 500 �g/mL elevated the fre-
quency of chromosome aberrations during the G2/S phase, whereas curcumin at
10 �g/mL increased these frequencies during S and G2/S phases of the cell cycle.
These results clearly indicate the exacerbated effect of turmeric and curcumin on
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radiation-induced clastogenicity, suggesting that these antioxidants are also po-
tentiating agents, depending on the experimental conditions. Turmeric was not
clastogenic by itself, whereas curcumin at 10 �g/mL enhanced the chromosomal
damage frequency.59

5. MECHANISM OF RADIOPROTECTION

It is a well-established fact that radiation induces ROS that follows a cascade of
events leading to DNA damage that includes single- or double-strand breaks (dsb),
base damage, and DNA–DNA or DNA–protein cross-links, and these lesions clus-
ter as complex, local, multiply-damaged sites. The DNA dsbs are considered the
most lethal events after ionizing radiation and have been found to be the main
target of cell killing by radiation. The putative mechanisms of radioprotection by
curcumin are shown in Figure 7. The radioprotective activity of curcumin might
not be due to a single mechanism but to several mechanisms. The scavenging
of radiation-induced free radicals and the elevation of cellular antioxidants by
curcumin in irradiated systems could be one of the main leading mechanisms.
Upregulation of enzymes like catalase, glutathione transferase (GST), glutathione
peroxidase (GSHpx), superoxide dismutase (SOD), and their mRNAs might be
another mechanism of radioprotection by curcumin. Reduction in lipid perox-
idation and elevation in glutathione (GSH) and increase in sulphydryl groups
might also contribute to some extent for its radioprotective activity. Inhibition of

Figure 7. Mechanism of radioprotection by curcumin. ↑ indicates increase or upregulation
and ↓ indicates decrease or inhibition.
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activation of PKC, MAPK, and NO by curcumin might also provide protection
against radiation-induced damage. Curcumin has been reported to scavenge free
radicals, increase antioxidant status, inhibit lipid peroxidation, and elevate GST,
GSHpx, SOD, GSH, and sulphydryl groups.25,26,60−65 Curcumin has been reported
to enhance GSH content and acid-soluble sulphydryl groups.66

6. MECHANISM OF RADIOSENSITIZATION

Ionizing radiation can initiate cellular damage through the cell plasma membrane
by sphingomyelin–ceramide or Fas-mediated pathways or as clustered damage
within the nuclear DNA. Induction of transcription factors including c-MYC, p53,
c-FOS/c-JUN, and NF-�B proteins follows thereafter with binding to specific
DNA sequences responsible for the transcription of cytokine-, growth factor-, and
cell cycle-related genes. Ionizing radiation can also modify intracellular signaling
through modification of the activity of tyrosine kinases, mitogen-activated protein
kinases (MAPK), stress-activated protein kinases (SAPK), and RAS associated
proteins. EGFR (EGR-1) and other genes,67 such as cell cycle-related proteins
like GADD45, p21CIP1/WAF, cyclin B, p53, growth factors and their receptors,
or cytokines such as platelet-derived growth factor, transforming growth factor-�,
epidermal growth factor, TNF, and interleukins leading to radioresistance during
radiotherapy of tumor.68,69 Nuclear damage created by ionizing radiation causes a
number of DNA lesions, including single- or double-strand breaks, base damage,
and DNA–DNA or DNA–protein cross-links, and these lesions cluster as complex,
local, multiply-damaged sites. Persistence of these DNA lesions can be curative
in cancer patients, if repair is optimized in normal versus tumor tissues, thus
improving the therapeutic ratio.

Curcumin can radiosensitize cells by more than one defined pathway (Figure 8).
It can inhibit/downregulate the TNF-� and NF-�B activation pathways.70−72

Curcumin inhibits COX, lipoxygenases, prostaglandin E2 and leukotrienes B4
and C4.73−75 It can also downregulate Bcl-2, Bcl-XL TNF-�, PKC, cell cycle cy-
tokines, cytochrome P450, and poly (ADP-ribose) polymerase (PARP). Curcumin
upregulates Bcl-xs and Bax and activates caspase-9 and caspase-3.57,76,77 The
caspase-9 activation is effected by cytochrome-c release from mitochondria.76

Further, curcumin has been reported to arrest cell proliferation in the G2-G0-S-
phase.78−80 The inhibition of cell cycle by curcumin is mediated by the activation
of PPAR-� suppression of the cyclin D1 a critical protein in the cell cycle. The cur-
cumin also blocks epithelial growth factor (EGF) signaling by inhibition of EGF
receptor (EGFR) tyrosine phosphorylation and suppressing the gene expression of
EGFR.81,82 It has also been reported to inhibit p38, MAPK, and JNK.52

7. CONLCLUSIONS

Ionizing radiation inflicts damage in biological systems by inducing free radicals
and ROS that lead to a cascade of molecular events like elevation in c-MYC, p53,
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Figure 8. Mechanism of radiosensitization by curcumin. ↑ indicates increase or upregula-
tion and ↓ indicates down regulation or inhibition.

c-FOS/c-JUN, NF-�B cytokine, growth factors, MAPK, SAPK, RAS-associated
proteins, EGFR, and cyclins and decline in antioxidants resulting in DNA damage.
Whole-body irradiation cause central nervous system, gastrointestinal, bone mar-
row, and cutaneous syndromes, whereas, chronic irradiation leads to pathogenesis
of various organs, mutagenesis, and carcinogenesis. Curcumin, a yellow pigment
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present in turmeric, is a versatile molecule, which can protect against radiation-
induced damage at low doses, whereas it might increase the effect of radiation at
higher doses. It is nontoxic up to 12 g/day in humans. The mechanism of radiopro-
tection and radiosensitization are several. The radioprotection of curcumin is due
to scavenging of free radicals, elevation in antioxidants, upregulation of mRNAs
for GSH, GST, SOD, and catalase enzymes. It also inhibits NO production. The
increased radiosensitivity could be due to inhibition of radiation-induced eleva-
tion of growth factors, cytokines, cyclins, NF-�B, PKC, TNF-� and inhibition of
cell cycle at the G2 + M phase, increased apoptosis, and some other unknown
mechanisms.
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IMMUNOMODULATION BY CURCUMIN

Subhash C. Gautam, Xiaohua Gao, and Scott Dulchavsky

Abstract: Turmeric, the bright yellow spice extracted from the tuberous rhizome
of the plant Curcuma longa, has been used in traditional Indian and Chinese sys-
tems of medicine for centuries to treat a variety of ailments, including jaundice and
hepatic disorders, rheumatism, anorexia, diabetic wounds, and menstrual difficul-
ties. Most of the medicinal effects of turmeric have been attributed to curcumin, the
principal curcumanoid found in turmeric. Recent evidence that curcumin exhibits
strong anti-inflammatory and antioxidant activities and modulates the expression
of transcription factors, cell cycle proteins, and signal transducing kinases has
prompted the mechanism-based studies on the potential of curcumin to primarily
prevent and treat cancer and inflammatory diseases. Little work has been done
to study the effect of curcumin on the development of immune responses. This
review discusses current knowledge on the immunomodulatory effects of cur-
cumin on various facets of the immune response, including its effect on lymphoid
cell populations, antigen presentation, humoral and cell-mediated immunity, and
cytokine production.

1. INTRODUCTION

Turmeric is a bright yellow spice derived from the rhizomes of Curcuma longa
Linn, which is widely cultivated in India, China, and Indonesia. Curcuma longa is
a perennial herb of the Zingerberaceae (ginger) family with pulpy, orange tuber-
ous roots or rhizome and oblong pointed leaves and it bears funnel-shaped yellow
flowers. Turmeric is what gives curry powder its unique spicy flavor and color. In
addition to its culinary appeal, turmeric powder has long been used for medicinal
purposes in traditional Indian (Ayurvedic) and Chinese systems of medicine, par-
ticularly as an anti-inflammatory agent. A paste of powdered rhizome and slaked
lime or turmeric ground in poultices applied locally is an ancient remedy to relieve
pain and inflammation caused by sprain and injury. Turmeric is extensively used
to treat indigestion, jaundice, menstrual difficulties, urinary infections, arthritis,
and gallstones and as a carminative. In addition to medicinal uses, turmeric is also
used in cosmetics and fabric coloring.

The active constituents of turmeric are curcumanoids and volatile oils, including
tumerone, atlantone, and zingiberene. The bright yellow color of turmeric is due to
polyphenolic pigments, known as curcumanoids. The major curcumanoids present
in turmeric are curcumin, demethoxycurcumin, and bisdemethoxycurcumin;
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together these curcumanoids comprise 3–6% of turmeric powder. Curcumin is
the most researched curcumanoid and it makes up 70–75% of the curcumanoids,
demethoxycurcumin about 15–20%, and bisdemethoxycurcumin about 3%. Pure
curcumin is an orange-yellow crystalline powder, which is insoluble in water. The
molecular formula of curcumin is C21H20O6 and its molecular weight is 368.39
Daltons. Recent investigations have shown curcumin to be a potent antioxidant,
anti-inflammatory, and anticarcinogenic agent that has been entered into Phase I
clinical trials for chemoprevention of cancers. In experimental studies, curcumin
has also shown a wide range of therapeutic effects, including cardioprotective, neu-
roprotective, hepatoprotective, anti-HIV, and anti-Alzheimer activity. The bioavail-
ability of oral curcumin is low because 40–65% of curcumin passes through the
gastrointestinal tract unchanged. Most of the absorbed curcumin is metabolized
via glucuronidation to glucuronide and glucuronide/sulfate metabolites in the in-
testinal mucosa and liver.

The immune system is organized into the incredibly intricate arrangement of cen-
tral (bone marrow, thymus) and peripheral (lymph nodes, spleen, blood) lymphoid
organs and tissues. Various lymphoid cell populations and molecules secreted by
them are responsible for protection against infectious agents and cancers as well
as destruction of organ transplants and harmful effects of autoimmune diseases.
A healthy individual has two levels of defense against foreign agents: innate (nat-
ural) immunity and adaptive or acquired immunity. The effector mechanisms of
innate immunity are already present before an encounter with microbes and are
rapidly activated before the development of adaptive immune responses. The prin-
cipal effector cells of the innate immunity are phagocytes (neutrophils, monocytes,
macrophages) and natural killer cells (NK cells), which are both tissue-borne and
wander in the circulation to encounter and destroy microbes that have breached the
epithelial barriers as well as self cells that have aged and died or transformed into
cancerous cells. The principal mechanism by which neutrophils and other phago-
cytic cells capture and destroy foreign invaders and effete or transformed cells is
through the production of highly toxic free radicals, such as hydrogen peroxide,
superoxide anion (O2−). and nitric oxide. Free radicals are generated by lysosomal
NADPH oxidases in a process known as respiratory burst.

2. IMMUNOMODULATION BY CURCUMIN

The immunological effects of curcumin have been described in a limited number
studies. In this chapter, we present an overview of the current knowledge on the
modulatory effects of curcumin on different components of the immune system.

2.1. Anti-inflammatory Effects of Curcumin

Inflammation plays a crucial role in the pathogenesis of a wide array of dis-
eases ranging from the development of cancer to the occurrence of autoimmune
disorders and organ damage by infectious agents. Inflammation results from a
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complex series of actions and reactions triggered by the body’s immunological re-
sponse to tissue damage caused by various disease processes or surgical procedures.
Because turmeric has been used in traditional medicine to control inflammatory
conditions, several groups of investigators have investigated the anti-inflammatory
activity of curcumin or its analogues in acute and chronic models of inflamma-
tion in rodents. In rats with Freund’s adjuvant-induced arthritis, oral administra-
tion of Curcuma longa was shown by Srimal and Dhawan to significantly reduce
inflammation.1 These investigators also demonstrated that curcumin was as po-
tent as phenylbutazone in the carrageenan edema test in the rat but was only half
as potent in chronic tests. Mukhopadhyay et al. compared the anti-inflammatory
activity of curcumin analogues and showed that sodium curcuminate, diacetyl cur-
cumin, triethyl curcumin, and tetrahydrocurcumin were less potent in inhibiting
acute and chronic inflammatory responses than curcumin.2 Marked inhibition of
12-O-tetradecanoylphorbol-13-acetate (TPA) and arachidonic acid (AA)-induced
epidermal inflammation (ear edema) in mice by curcumin was shown by Huang
et al.3 There are only a few controlled clinical trials in which the efficacy of
curcumin in the treatment of inflammatory diseases have been tested. Deodhar
and colleagues (1980) compared curcumin with phenylbutazone in 18 rheumatoid
arthritis patients; they reported that improvements in morning stiffness, walking
time, and joint swelling after 2 weeks of curcumin supplementation (1200 mg/day)
were comparable to those by phenylbutazone therapy (300 mg/day).4 Satoskar and
colleagues that 5 days of oral curcumin supplementation (1200 mg/day) was effec-
tive in reducing postsurgical edema, tenderness, and pain and was comparable to
phenylbutazone therapy.5 In two uncontrolled studies by Lal et al., oral curcumin
(1125 mg/day) for 12 weeks to 22 months was found to improve chronic anterior
uveitis and idiopathic inflammatory orbital pseudotumor, inflammatory conditions
of the eye.6,7 Clearly, larger randomized controlled trials are needed to determine
whether curcumin supplementation is efficacious in the treatment of inflammatory
diseases, such as rheumatoid arthritis, ulcerative colitis, or multiple sclerosis.

Activated monocytes and macrophages release proinflammatory cytokines
[tumor necrosis factor (TNF), interleukin (IL)-1, etc.)] to induce inflammation
in the tissue. The inflammatory process involves the production of prostaglandins,
thromboxanes, and leukotrienes, collectively known as eicosanoids, by macro-
phages and neutrophils. These mediators of inflammation are synthesized through
enzymatic degradation of AA by cylcooxygenase-2 (COX-2) or liopooxygenase
(LOX). COX-2 is induced by a variety of inflammatory insults, including an en-
counter with endotoxins, cytokines, growth factors, tumor promoters, and stress.
COX-2 catalyzes the synthesis of series-2 prostaglandins (e.g., PGE2, PGF2 − �,
PGI2, PGD2) and thromboxanes (e.g., TXA2, TXB2) by mononuclear phago-
cytes, endothelial cells, polymorphonuclear leukocytes, and platelets. Eicosanoid
byproducts of AA are also produced via a LOX group of enzymes, which me-
tabolize AA to produce series-4 leukotriens and various hydroxyeicosatetraenoic
acids (e.g., 5-HETE, 12-HETE, and 15-HETE). Together, these AA-derived com-
pounds contribute to pain, inflammation, swelling, vasoconstriction, and throm-
bosis. Eicosanoids are also elevated in most human cancers and potentially play
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a significant role in tumor cell proliferation, angiogenesis, spread of cancers, and
suppression of immune response.

Hong et al. showed the inhibition of AA generation by curcumin through the
prevention of phosphorylation of phospholipase A2, which catalyzes the hydroly-
sis of membrane phospholipids into AA.8 Huang et al. showed the inhibition of the
metabolism of AA in vitro by curcumin through inhibition of both LOX and COX
activities.3 Zhang et al. demonstrated the inhibition of the chenodeoxycholate- or
phorbol-12-myristate-13-acetate (PMA)-induced induction of COX-2 mRNA and
protein expression by curcumin in gastrointestinal cell lines.9 Goel et al. showed
that curcumin inhibited the growth of the HT-29 colon cancer cell line through the
inhibition of COX-2 mRNA and protein expression without altering the expres-
sion of COX-1.10 In another study by Chun et al., curcumin was shown to suppress
PMA-induced expression of COX-2 through the inhibition of extracellular signal-
regulated kinase (ERK) activity.11 Flynn et al. demonstrated the strong inhibition of
5-HETE production by curcumin in human neutrophils.12 Work by Kim et al. sug-
gests that in the inhibition of the Janus kinase (JAK)–STAT signaling cascade via
the effect on the src homology 2 domain-containing protein tyrosine phosphatases
(SHP)-2 could contribute to its anti-inflammatory activity.13 Furthermore, cur-
cumin has been shown to inhibit the production of superoxide and nitric oxide by
inflammatory cells, which could also contribute to its anti-inflammatory activity
because these free radicals play a significant role in inflammatory processes.14,15

In addition, as we will discuss later, curcumin has been shown to inhibit several
proinflammatory cytokines [e.g., TNF, IL-1, interferon (IFN )] that play an im-
portant role in the initiation and progression of inflammatory responses. Thus,
there are numerous molecular targets through which curcumin can mediate its
anti-inflammatory effects.

2.2. Effect on Lymphoid Cell Populations

Little is known about how curcumin affects central and peripheral lymphoid tissues
of the immune system. In a study by Antony et al., treatment of Balb/c mice with
curcumin was shown to increase the cellularity and �-esterase-positive cells in
the marrow.16 These investigators also reported significant increase in total white
blood cells (WBCs) in the peripheral blood in mice treated with curcumin. Yasni
et al. found that in mice fed with Curcuma xanthorrhiza for 3–5 weeks, splenic
T-lymphocytes were increased throughout the experimental period, but exerted a
variable effect on B-lymhocytes and and T-cell subsets.17 They observed eleva-
tion of B-cells at 3 weeks and of T helper cells at 4 weeks without any change in
T suppressor cells. The effect of C. xanthorrhiza on macrophages in the spleen and
peripheral blood was inconsistent. Churchill et al. showed that inhibition of intesti-
nal tumors in C57BL/6J-Min/+ mice by curcumin was associated with changes
in the intestinal immune cell profile.18 Immunohistochemical staining of resident
intestinal immune effector cells revealed that although there was no change in
total intraepithelial lymphocyte number, treatment with curcumin significantly in-
creased CD3+ T-cell numbers in the small intestinal mucosa. Staining for CD4
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and CD8 cells indicated that the increase in CD3+ T-cells was due to changes
in the CD4+ subset of T-cells. On the other hand, treatment with curcumin had
no effect on the distribution of T cell receptor (TCR) subtypes (i.e., TCR�ß or
TCR��). Curcumin also increased the numbers of B-cells in the small intestinal
mucosa. These data suggested that curcumin exerts immunomodulatory effects on
the mucosal immune system. Pal et al. (2005) showed amelioration of inhibition
of lymphoid cell populations caused by growth of Ehrlich’s ascites carcinoma.19

Growth of these tumors decreased the numbers of bone marrow progenitors as well
as thymic and splenic mononuclear cells. Oral administration of curcumin every
other day for 21 days increased instead of decreased the cellularity of bone marrow,
thymus, and spleen to the normal levels, indicating that curcumin prevents tumor-
induced immunosuppression. Restoration of immune cell numbers by curcumin
was attributed to the inhibition of tumor-induced apoptosis of lymphoid popula-
tions. Because curcumin has been shown to inhibit purified HIV-1 integrase, HIV-1
and HIV-2 proteases, and HIV-1 long terminal repeat directed gene expression of
HIV-1 infected cells, it has been evaluated for HIV-infected CD4+ cell replica-
tion. In a clinical trial, administration of 2 g/day of curcumin to 18 HIV-infected
patients for approximately 29 weeks resulted in a significant increase in the CD4
and CD8 lymphocyte counts compared to the placebo-receiving patients. The CD4
cell count before the treatment ranged from 5 to 615 cells/mL of blood, and after
treatment, the range was 283–1467 CD4 cells/mL of blood. The subsequent phase
I/II study using doses of 2.7–4.8 g/day of curcumin failed to show any benefit
on viral loads or CD4 counts in HIV-positive patients.20 The negative results of
this trial were attributed to poor bioavailability of curcumin. Overall, results of
these studies demonstrate that curcumin moderately increases the number of T-
and B-cells without altering the numbers of phagocytic macrophages.

2.3. Effect on Antigen-Presenting Cells

The production of an acquired immune response involves the capturing, process-
ing, and presentation of antigens by antigen-presenting cells (APCs), such as
macrophages and dendritic cells or B-lymphocytes. Curcumin might modulate
immune responses by interfering with antigen presentation by APCs. Curcumin
has been studied for its effect on phagocytosis and antigen presentation by APCs
in a small number of studies. In a study by Antony et al., treatment with curcumin
significantly increased the phagocytic activity of macrophages.16 Enhancement
of the phagocytic activity of peritoneal macrophages by curcumin was also re-
cently reported by Li and Liu.21 Cole et al. examined the mechanisms by which
curcumin and turmeric extract prevents Alzheimer pathogenesis.22 These investi-
gators demonstrated that in addition to the inhibition of amyloid oligomer and fibril
formation and amyloid deposition, curcumin promoted phagocytosis of amyloid
by microglial cells in vitro. In contrast to these few studies in which curcumin
was shown to promote phagocytosis, the opposite effect of curcumin has been
shown in others. Lipopolysaccharide (LPS)-elicited hepatic microvascular inflam-
matory response is characterized by a significant increase in phagocytic activity
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of cenrilobular Kupffer cells, the number of leucocytes adhering to the sinusoidal
wall, and swollen endothelial cells in the periportal and centrilobular regions.
Lukita-Atmadja et al. showed that intragastric administration of curcumanoids be-
fore intravenous injection of LPS significantly reduced the phagocytic activity of
Kupffer cells, the number of adhering leukocytes, and swollen endothelial cells,
demonstrating that curcuminoids are effective in inhibiting the hepatic microvas-
cular inflammatory response by suppressing phagocytosis.23 Dendritic cells (DCs)
are the professional APCs that play a key role in the initiation of T-cell responses
against infectious microbes and tumors. Until recently, the effect of curcumin on
the maturation and functional activity of DCs was unknown. In a study published in
the Journal of Immunology in 2005, Kim et al. examined the effect of curcumin on
surface molecule expression, cytokine production, and signaling pathways in bone
marrow-derived murine DCs.13 Curcumin was found to suppress surface expres-
sion of costimulatory molecules CD80 and CD86 and major histocompatibility
complex (MHC) II but not MHC class I. Curcumin also impaired the production
of IL-12, IL-1�, IL-6, and TNF-� by DCs. Although curcumin-treated DCs were
highly efficient in capturing Ag via the mannose receptor-mediated endocytosis,
they were very poor stimulators of Th1 and cell-mediated responses. Impairment
of some of these DC functions might be related to the inhibition of mitogen-
activated protein kinase (MAPK) activation and nuclear translocation of nuclear
factor (NF)-�B by curcumin. The inhibition of several of functional attributes of
DCs treated with curcumin indicates that curcumin might downregulate the pro-
duction of T-cell-mediated immune responses by interfering with antigen handling
and antigen presentation by DCs.

2.4. Induction of Apoptosis by Curcumin

Apoptosis or programmed cell death plays an essential role in the normal develop-
ment of multicellular organisms and in maintaining tissue homeostasis.23a Aberra-
tion of apoptosis has been implicated in tumor development and resistance to cancer
therapies.24 Chemotherapy and radiation therapy destroys tumor cells in part by in-
ducing apoptosis; However, most cancers have high levels of constitutively active
NF-�B, which renders them resistant to the induction of apoptosis by anticancer
therapies; therefore, the promotion of apoptosis in cancer cells potentially can lead
to the regression and improved prognosis of refractory cancers. Curcumin has been
extensively studied for the induction or promotion of apoptosis to prevent or inhibit
tumor growth and metastasis. In vitro treatment with curcumin inhibited cell pro-
liferation or induced apoptosis in leukemia,25 lymphoma,26 breast,27 pancreatic,28

lung,29 prostate,30 melanoma,31 gastric,32 colon,33 and brain10 tumor cell lines. In
most cases, induction of apoptosis by curcumin involved triggering of both the
caspase-8 to caspase-3 activation pathway (extrinsic pathway) and mitochondrial
pathway (intrinsic pathway) of apoptosis in which cytochrome-c released from mi-
tochondria leads to the activation of caspase-9 and caspase-3.34,35 The molecular
mechanisms involved in the induction of apoptosis by curcumin have ranged from
a decrease in cellular levels of antiapoptotic Bcl-2, Bcl-XL, and cIAP proteins to
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an increase in levels of proapoptotic Bax.36 Rajasingh et al. showed that curcumin
induced growth arrest and apoptosis in T-cell leukemia in association with the
inhibition of constitutively active JAK–STAT pathways.37 Activation of MAPK
and PI3k/PKB has been shown by Squires et al. to play a role in the inhibition of
the proliferation and induction of apoptosis in breast cancer cells by curcumin.38

Others have suggested the generation of reactive oxygen species (ROS) might be
necessary for curcumin’s apoptotic effect. A comparison of p53+ and p53− hu-
man melanoma cell lines by Bush et al. showed that curcumin induced apoptosis
in these cell lines through a Fas receptor/caspase-8 pathway independent of p53.39

Curcumin has been demonstrated to augment the cytotoxic effects of chemother-
apy and radiation therapy.40,41 There is some evidence that subtoxic concentration
of curcumin might also promote apoptosis by death ligands such as tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL). Deeb et al. have demonstrated
that the combined treatment of prostate cancer cell lines with subtoxic concentra-
tions of curcumin and TRAIL induced apoptosis through the inhibition of NF-�B
and the activation of extrinsic and intrinsic pathways of apoptosis.42–44 The same
sort of effect was shown by Gao et al. when human neuroblastoma cell line U87
but not U251 was treated with subtoxic concentration of curcumin and TRAIL
together,45 suggesting that at a nontoxic concentration, curcumin can sensitize
prostate and brain tumor cells to TRAIL-induced apoptosis. Jung et al. later showed
that curcumin sensitization of renal carcinoma cells to TRAIL-induced apoptosis
was mediated through upregulation of death receptor 5 (DR5) by ROS.46 Taken
together, published data demonstrated that curcumin can induce or promote apop-
tosis by chemotherapeutic drugs and TRAIL through activation of a number of
intracellular signal transduction pathways.

3. EFFECT ON SPECIFIC TYPES OF IMMUNE RESPONSES

There are two types of effector mechanism that mediate specific immune responses:
(1) those mediated by antibodies produced by B-lymphocytes (humoral immunity)
and (2) those mediated by specifically sensitized T-lymphocytes (cell-mediated
immunity). Neither of these two forms of immunity has been adequately inves-
tigated for modulation by curcumin. A brief overview of the currently available
information is summarized below.

3.1. Humoral Immunity

In a study by Kuramoto et al., investigators examined the effect of low and high con-
centrations of natural food colorings on immunoglobulin production by rat spleen
lymphocytes in vitro.47 Both water-soluble and water-insoluble (including cur-
cumin) natural colorings inhibited IgE production at 10 and 20 �M, respectively.
Although many of these colorings were found to inhibit the production of IgG
and IgM at high concentrations, the water-insoluble colorings actually enhanced
IgM production at a low concentration of 1�M. These investigators concluded that
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natural colorings possess the capacity to modulate the production of immunoglob-
ulins. South and colleagues examined dietary curcumin for its effect on antibody
response in rats in vivo.48 They showed that after 5 weeks of dietary exposure
to curcumin at 40 mg/kg, IgG levels were significantly increased. Rats receiving
lower dietary concentrations of 1 or 20 mg/kg curcumin showed no change in IgG
levels. Effects of curcumin on production of antibodies in response to immuniza-
tion with antigen were evaluated in two published reports. Antony et al. showed
that the administration of curcumin to mice increased the circulating antibody titer
after immunization with sheep red blood cells.16 Curcumin also increased the num-
ber of antibody-forming cells against sheep red blood cells (SRBC) in the spleen.
In another study, Odot et al. reported a significant decrease in melanoma tumor
size and an increase the median survival time of mice immunized with soluble
protein extract of mouse B16-R melanoma tumor cells in conjunction with cur-
cumin administration.49 The tumor inhibitory effect of combination therapy was
attributed to the enhancement of antisoluble B16-R protein antibody response by
curcumin. Taken together, published data tend to suggest that curcumin augments
the production of humoral immune responses.

3.2. Cell-Mediated Immunity

Cell-mediated immunity (CMI) in which antigen-sensitized T-lymphocytes medi-
ate the immune function plays an important role in defense against intracellular
pathogens, rejection of organ transplants, antitumor immunity, and development
of autoimmune diseases. CMI is evaluated by measuring T-cell proliferation, T-
cell-mediated cytotoxicity, and production of cytokines by Tcells. Several recent
reports suggested that curcumin is capable of modulating many of these T-cell-
mediated immune functions. A brief account of curcumin’s effect on each of these
T-cell activities is presented below.

3.2.1. T-Cell Proliferation

Antigen presentation to T-lymphocytes by the APCs leads to their activation, pro-
liferation, and clonal expansion. The inhibition or augmentation of the proliferative
response of lymphocytes is frequently used to evaluate potential therapeutic agents
for their immunomodulatory effects. Curcumin has been investigated for its effect
on mitogen or alloantigen-induced proliferation of T-cells in vitro and in vivo.
Yasni et al. demonstrated increased mitogenic responses of spleen cells from rats
fed C. xanthorrhiza for 3 weeks.17 However, in many other studies, curcumin was
shown to inhibit the proliferation of several mouse and human leukemia cell lines
and mitogen- and antigen-induced proliferation of mouse, rat, and human lympho-
cytes. Gao et al. investigated the effect of curcumin on the proliferative response
of murine splenic T-cells stimulated with conconavalin A (Con A), IL-2, or allo-
geneic cells.50 They found a significant increase in Con A-induced proliferation
of splenic cells at 6.25 �mol/L curcumin, followed by a significant decrease in
the proliferation at 12.5 �mol/L curcumin (Figure 1A). The proliferative response
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Figure 1. Effect of curcumin on the proliferation of spleen cells. C3H spleen cells (1 × 106

cells/mL) were stimulated with Con A (1 �g/mL) (A) or IL-2 (100 ng/mL) (B), or irradiated

C57BL/6 spleen cells (1:1) (C) for 4 days in the absence or the presence of curcumin at

concentrations as indicated. 2 × 105 viable cells from each culture were transferred to the

wells of a 96-well microtiter tissue culture plate in triplicate. Cultures were pulsed with 3H-

thymidine (0.25 �Ci/well) for 8 h. 3H-thymidine incorporation was determined by liquid

scintillation spectrometry. Data are presented as mean dissociation counts per minute (dpms)

±SEM of three to four experiments.
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was completely blocked at 25 �mol/L curcumin. Curcumin also inhibited the IL-2-
induced proliferation of splenic cells. The inhibition of IL-2-induced proliferation
of spleen cells was dose dependent, because an increasingly suppressive effect was
observed at increasing concentrations of curcumin from 6.25 to 25 �mol/L (Figure
1B). The effect of curcumin on the alloantigen-induced proliferation of spleen cells
was modest at 20 �mol/L curcumin. However, at 30 �mol/L curcumin, the prolif-
eration of cells was significantly suppressed. These data demonstrate that at 12.5
�mol/L and above, curcumin significantly inhibits the mitogen- and IL-2 induced
proliferation of splenic cells, but the alloantigen-induced proliferation of splenic
lymphocytes is suppressed only at higher concentration of curcumin (30 �mol/L).
These investigators also showed that the inhibitory effect of curcumin on the pro-
liferation of lymphocytes is irreversible, as removal of curcumin from cultures
failed to restore responsiveness of treated cells to Con A, IL-2, or allogeneic
cells.

The effect of curcumin on human T-cell proliferation has been investigated in two
studies. Cipriani et al. investigated the effect of curcumin on the antigen-induced
proliferation of �� T-cells isolated from healthy donors.51 They demonstrated that
curcumin inhibited the isopentenyl pyrophosphate-induced proliferation of these
cells in a dose-dependent manner. At 30 �M curcumin, phosphoantigen-induced
proliferation of �� T-cells was completely abolished. Ranjan et al. (2004) exam-
ined the effect of curcumin on the mitogen-induced proliferation of lymphocytes
isolated from the human spleen.52 Curcumin at 2.5 �g/mL significantly inhibited
the proliferation of these cells by Con A, phytohemagglutinin (PHA) or PMA.
Curcumin also inhibited the proliferation of lymphocytes induced by IL-2.

3.2.2. Cell-Mediated Cytotoxicity

Cytotoxic T-lymphocytes (CTLs), a major effector arm of CMI, play a crucial role
in destroying virally infected cells, organ transplants, and tumor cells. Curcumin
was shown by Shoskes et al. to reduce ischemia–reperfusion injury and rejection of
renal transplants synergistically with mycophenolate mofetil in rodent models.53,54

In a randomized placebo controlled trial by Shoskes et al., bioflavonoid therapy
with curcumin and quercetin improved early function in cadaveric renal trans-
plantation, acute graft rejection, and neurotoxicity.55 Curcumin was also found by
Chueh et al. to enhance the immunosuppressive activity of cyclosporin in a hetero-
topic cardiac transplant model.56 However, whether modulation of antigen-specific
cell-mediated cytotoxity by curcumin played a role in the protection of transplants
from rejection was not addressed in these studies. Gao et al. investigated the regu-
lation of development of alloantigen-specific and broadly nonspecific lymphokine-
activated killer (LAK) cells by curcumin in vitro.50 At 10 �mol/L curcumin, the
generation of C3H/HeN (H-2k) anti-C57/BL6 (H-2b) CTLs was only insignifi-
cantly reduced (Figure 2A), but was significantly reduced at 20 �mol/L curcumin.
The response was, however, completely abrogated at 30 �mol/L curcumin. These
investigators further showed that at 10–20 �mol/L curcumin has little effect on
the generation of IL-2-induced LAK cells (Figure 2B); however, at 30 �mol/L
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Figure 2. Effect of curcumin on the development of cell-mediated cytotoxicity. For the

effect of curcumin on the generation of CTLs, 107 C3H spleen cells were cocultured with

an equal number of irradiated C57BL/6 spleen cells in 10 mL RPMI-1640 medium for

5 days in the absence or the presence of curcumin (10, 20, and 30 �mol/L). Cytotoxicity

of the viable effector cells against EL-4 target cells of C57BL/6 origin was determined in a

4-h 51Cr-release assay (A). The effect of curcumin on LAK cell generation was examined

by incubating C3H spleen cells (106 cells/mL) with IL-2 (150 ng/mL) for 3 days in the

absence or the presence of curcumin (10, 20, and 30 �mol/L). The cytotoxicity of effector

cells against YAC-1 target cells was measured in a 4-h 51Cr-release assay (B). In each panel,

the results are presented as mean percent cytotoxicity ± SD of three to four experiments.

curcumin, LAK cell production was significantly inhibited. Investigators con-
cluded that although both CTL and LAK cell generation is significantly inhibited
at high-dose curcumin (30 �mol/L); only CTL generation is downregulated at
lower concentrations of curcumin. Furthermore, effective doses of curcumin were
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found to irreversibly impair the development of both CTLs and LAKs. Contrary
to the downregulation of CTL and LAK cell generation by curcumin, Yadav et al.
demonstrated augmentation of NK cell activity by curcumin, indicating an obvious
need for more research on curcumin’s effects on the development and functionality
of these important effector immune cells.57

3.2.3. Effect on Cytokine Production

Cytokines are polypeptides produced by lymphocytes, monocytes, and a variety
of other cells, including endothelial and epithelial cells. Cytokines are usually
produced in response to microbes, noninfectious antigens, or physiological stress.
The development of cell-mediated immune responses involves a complex network
of cytokine signals generated by APCs and T helper (Th1and Th2) cells. Activated
monocytes/macrophages release proinflammatory cytokines (monokines), such as
TNF-�, IL-1, and IL-6 that play a prominent role in inflammatory responses.
Th1 cells secrete IL-2 and gamma interferon (IFN-� ), which predominantly pro-
mote cell-mediated immunity. Th2 cells secrete IL-4, IL-5, IL-6, and transforming
growth factor (TGF-�) that upregulate humoral immunity and negatively regulate
cell-mediated immunity. The regulation of cytokine and chemokine production by
curcumin has been addressed in a number of publications. Chan showed for the first
time the inhibition of LPS-induced production of TNF-� by the human monocytic
cell line Mono Mac 6 by curcumin at a low concentration of 5 �M.58 Curcumin also
inhibited the biological activity of TNF-�, but at a higher concentration of 50 �M.
Kang et al. showed the inhibition of IL-12 production by murine macrophages
stimulated with LPS or Listeria monocytogenes.59 Macrophages treated with cur-
cumin reduced the ability of antigen-primed CD4+ T-cells to produce IFN-� but
increased the production of IL-4. Furthermore, macrophages from mice treated
with curcumin were also defective for IL-12 induction and their ability to stim-
ulate production of IFN-� by CD4+ T cells. Gao et al. showed that curcumin
irreversibly inhibited the expression of IL-2, IFN-� by mitogen-stimulated spenic
T-cells, and IL-12 production by peritoneal macrophages (Figure 3).50 In another
study by Kim et al., curcumin was shown to inhibit proinflammatory IL-1�, IL-6,
and TNF-� by bone marrow-derived DCs stimulated with LPS and demonstrated
that suppression of MAPKs and translocation of NF-�B by curcumin was respon-
sible for the impairment of cytokine production.13

Curcumin has also been investigated for its effect on cytokine production in
disease-specific conditions. Literat et al. examined the effect of curcumin on proin-
flammatory cytokine expression in lung inflammatory cells from preterm newborns
at risk for the development of chronic lung disease (CLD).60 Significant inhibition
of IL-1� and IL-8 but minimal inhibition of TNF-� production by curcumin was
observed in preterm lung inflammatory cells stimulated with LPS. The authors of
the study concluded that curcumin might be effective as a therapeutic agent in the
attenuation of CLD. Kobayashi et al. showed the inhibition of IL-5 and granulocyte-
macrophage-colony stimulating factor (GM-CSF) production by curcumin in
lymphocytes from bronchial asthmatics.61 Gaddipati et al. studied the effect of
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Figure 3. Effect of curcumin on cytokine gene expression. Treatment of spleen cells with

curcumin (5,10, or 20 �mol/L) was started 1 h prior to stimulating cells with Con A

(1 �g/mL) for 1 h. Similarly, macrophage monolayers were treated with curcumin at 5 or

20 �mol/L starting 1 h prior to stimulation with LPS (500 ng/mL) for 1 h. Total cellular

RNA was isolated and reverse transcribed using random primers to generate cDNAs. cDNA

(1 �g) was amplified by polymerase chain reaction (PCR) using gene-specific primers (mIL-

2, mIFN-� , or mIL-12, p40). PCR products were separated by 1% agarose gel electophoresis

and visualized by ethidium bromide staining. Expected amplified gene products of sizes

294 bp (IL-2), 267 bp (IFN-� ), and 1025 bp (IL-12, p40) were obtained. Similar results

were obtained in two separate experiments.

curcumin on the expression of cytokines in the liver of rats after hemorrhage/
resuscitation.62 They showed that pretreatment with curcumin for 7 days inhibited
the mRNA transcripts of IL-1�, IL-�, IL-2, IL-6, IL-10, and TNF-� 2 and 24 h
after hemorrhage/resuscitation, suggesting that curcumin might be beneficial in
protecting against hemorrhagic liver injury. Natarajan and Bright showed that cur-
cumin inhibits experimental allergic encephalomyelitis (EAE) by blocking IL-12
signaling through the JAK–STAT pathway in myelin-specific T-lymphocytes.63

Chemotactic cytokines (chemokines) play an important role in the chemotaxis
of inflammatory cells to the site of injury and expression of adhesion molecules on
endothelial and inflammatory cells. Xu et al. showed downregulation of monocyte
chemotactic protein-1 (MCP-1) and interferon-inducible protein-10 (IP-10) by
curcumin in bone marrow stromal cells stimulated with IL-1�, IFN-� , TNF-�,
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or LPS.64 The inhibition of chemokines by curcumin was at the level of gene
transcription. Abe et al. investigated chemotactic IL-8, monocyte inflammatory
protein-1 (MIP-1�), and MCP-1 expression in human peripheral blood monocytes
and alveolar macrophages and showed inhibition of these chemokines by curcumin
in both cell popupations stimulated with LPS or PMA.65 Hidaka et al. showed that
suppression of IL-8 production by curcumin was associated with the simultaneous
increase in the expression of IL-8 receptors, CXCR1 and CXCR2, indicating that
curcumin inhibits IL-8 induced internalization of IL-8 receptors.66 The authors
concluded that curcumin not only inhibited IL-8 production but also inhibited
signal transduction through IL-8 receptors.

3.3. Effect on NF-�B Activation

Nuclear factor-�B is a member of the Rel family of transcription factors that
regulate transcription of numerous genes involved in immune and inflammatory
responses, cell proliferation, apoptosis, oncogenesis, and atherosclerosis.67 Under
normal conditions, NF-�B is sequestered in the cytoplasm, as a heterodimer of Rel
proteins p50 and p65, by an inhibitory protein I�B�.68 In response to cytokines,
bacterial and viral products, free radicals, ultraviolet (UV) light, and chemothera-
peutic agents, I�B� is rapidly phosphorylated and degraded by cytosolic proteo-
somes. Active NF-�B translocates to the nucleus, where it regulates the expres-
sion of target genes containing �B regulatory elements. The anti-inflammatory
and anticarcinogenic activity of curcumin might be related to its inhibition of
NF-�B, which plays a central role in many inflammatory disease processes and
oncogenesis. Indeed, downregulation of constitutive or inducible NF-�B activity
by curcumin has been extensively published. Singh and Aggarwal showed that
inhibition of TNF-�, PMA, or H2O2-induced activation of NF-�B by curcumin
in a human myelomonoblastic cell line was associated with the prevention of
phosphorylation and degradation of I�B� and translocation of p65 subunit to the
nucleus.69 Xu et al. reported that the inhibition of IL-1� or TNF-� induced MCP-
1/JE in bone marrow stromal cells by curcumin-involved suppression of NF-�B
and activator protein (AP)-1 by curcumin.70 Jobin et al. demonstrated that the
inhibition of IL-1�-mediated ICAM and IL-8 gene expression involved the sup-
pression of cytokine-induced NF-�B DNA-binding activity, p65 nuclear import,
I�B� degradation, and inhibition of I�B� kinase (IKK).71 Similarly, inhibition
of the LPS-induced production of IL-12 by macrophages72 or IL-12, IL-1�, IL-6,
and TNF-� production by DCs involved suppression of LPS-induced nuclear
translocation of NF-�B p65.51

COX-2 plays a critical role in mediating the inflammatory process and is overex-
pressed in a number of cancers, including colon, breast, prostate, and lung cancers.
Recent studies have shown that COX-2 expression is regulated by NF-�B. Plum-
mer et al. showed that inhibition of COX-2 expression in colon cells by curcumin
is through the inhibition of NF-�B activation by blocking the phosphorylation of
I�B through the inhibition of IKK.73 Chun et al. assessed the effect of curcumin
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Figure 4. Effect of curcumin on activation of NF-�B. Spleen cells were pretreated with

curcumin (5–30 �mol/L) for 1 h before stimulating with Con A (1 �g/mL) for 45 min.

Nuclear extracts were prepared from control and treated cells and NF-�B was analyzed

analyzed by immunoblotting using anti-NF-�B (p65) antibody.

on TPA-induced expression of COX-2 in mouse skin.11 Topical application of cur-
cumin prior to the application of TPA inhibited the expression of COX-2 in the
epidermal layer. The suppression of COX-2 by curcumin was associated with the
inhibition of TPA-stimulated NF-�B activation, I�B degradation, and translocation
of p65 subunit to the nucleus.

Gao et al. demonstrated that mitogen induced IL-2 and IFN-� production by
splenic T-cells was associated with the activation of NF-�B.50 Curcumin inhibited
both the production of cytokines and NF-�B activation (Figure 4). In another study
by Cipriani et al., curcumin inhibition of antigen-induced chemokines MIP-1�,
MIP-1�, and regulated on activation, normal T expressed and secreted (RANTES)
produced by �� T-cells was linked to the suppression of antigen-induced NF-
�B and AP-1 activation.51 Collectively, published data indicate that curcumin
modulates NF-�B activation in a cell-specific and stimulus-dependent manner and
that the inhibition of NF-�B and NF-�B-dependent gene products constitute part
of the molecular basis for the immunomodulatory effects of curcumin.

4. CONCLUSION

The anecdotal and experimental evidence favoring the anti-inflammatory effects of
curcumin is compelling, and insufficient clinical evidence exists to warrant further
clinical testing and development of this phytochemical as a safe nutraceutical drug
for chronic human inflammatory diseases. The evidence favoring curcumin as a
potent modulator of humoral or cell-mediated immune responses is weak. Limited
experimental data suggest enhancement of the antibody production by curcumin.
In contrast, curcumin inhibits the production of cytokines by macrophages and
lymphocytes, especially the cytokines with the proinflammatory effects, as well
as proliferative and cytotoxic responses of T-lymphocytes in vitro. Whether the
in vitro inhibitory effects of curcumin on T-cell activities would translate into
the prevention of transplant rejection or diminish the severity of T-cell-mediated
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inflammatory diseases in vivo remain to be investigated. It appears that the inhibi-
tion of transcription factors NF-�B and AP-1 by curcumin plays a central role in
inhibition of T-cell proliferation, cytokine production, and inflammation. A better
understanding of the mechanism by which curcumin blocks different signaling
pathways, including the NF-�B signaling pathway involved in immune and in-
flammatory responses, would shed light on its mechanism of action and further
testing of this novel agent for clinical applications as an anti-inflammatory agent.
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BENEFICIAL ROLE OF CURCUMIN IN SKIN
DISEASES

Rajesh L. Thangapazham, Anuj Sharma and Radha K. Maheshwari

Abstract: In recent years, considerable interest has been focused on curcumin
a compound, isolated from turmeric. Curcumin is used as a coloring, flavoring
agent and has been traditionally used in medicine and cuisine in India. The varied
biological properties of curcumin and lack of toxicity even when administered
at higher doses makes it attractive to explore its use in various disorders like
tumors of skin, colon, duodenum, pancreas, breast and other skin diseases. This
chapter reviews the data on the use of curcumin for the chemoprevention and
treatment of various skin diseases like scleroderma, psoriasis and skin cancer.
Curcumin protects skin by quenching free radicals and reducing inflammation
through nuclear factor-�B inhibition. Curcumin treatment also reduced wound-
healing time, improved collagen deposition and increased fibroblast and vascular
density in wounds thereby enhancing both normal and impaired wound-healing.
Curcumin has also been shown to have beneficial effect as a proangiogenic agent
in wound-healing by inducing transforming growth factor-�, which induces both
angiogenesis and accumulation of extracellular matrix, which continues through
the remodeling phase of wound repair. These studies suggest the beneficial effects
of curcumin and the potential of this compound to be developed as a potent nontoxic
agent for treating skin diseases.

1. INTRODUCTION

Use of dietary supplements for the treatment of diseases is a part of traditional
medicine and is practiced in all parts of the world. Turmeric (Curcuma longa),
a coloring and flavoring agent, is a dietary additive and has been traditionally
used in medicine and cuisine in India. Curcumin (diferuloylmethane), a major
active component of turmeric, is a crystalline compound and turmeric has been
widely used for centuries in indigenous medicine for the treatment of a variety
of inflammatory conditions and other diseases. Preclinical studies have revealed
the chemopreventive potential of curcumin in several different animal bioassay
models both in vitro and in vivo, demonstrating the antioxidant, anti-inflammatory,
antitumorigenic, and antiangiogenic properties of curcumin. Curcumin is quite safe
and the varied biological properties and the lack of toxicity even at higher doses
makes it attractive to explore its use in various disorders like tumors of skin, colon,
duodenum, pancreas, breast, and other skin diseases.

343
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Skin, considered the largest organ of the body, is made up of layers of tissues that
protects underlying muscles and organs. As an interface with the surroundings, it
plays the most important role in protecting our body against heat, light, infection,
and injury. Hence, skin, the first line of defense, is vulnerable to various adverse
conditions like rashes, burns, injuries, infections and disorders like scleroderma,
dermatitis, psoriasis and cancer. Over the last decade, there has been increasing
interest in turmeric and its medicinal properties in treating various skin conditions.
Turmeric is well documented for its medicinal properties in Indian and Chinese
systems of medicine. In Ayurvedic medicine, turmeric was prescribed for the
treatment of many conditions, including rheumatic pain and various skin disorders.
Turmeric and curcumin have traditionally been used for pain and inflammation
associated with acne, skin rashes and warts. Skin damage is a serious side effect
for patients receiving radiation for treating their skin tumors. In a study with
mice exposed to radiation, curcumin-treated ones had fewer blisters or burns when
compared to the control mice. Numerous studies reveal the protective effect of
curcumin against various chemicals and environmental pollutants, showing the
benefits of curcumin against agents that cause skin damage. In this chapter, we
review the beneficial roles of curcumin/turmeric in various skin diseases.

2. SCLERODERMA

Derived from the Greek words “sklerosis,” meaning hardness and “derma,” mean-
ing skin, scleroderma literally means hard skin. Although the main cause is gen-
erally unknown, scleroderma is suspected to be induced by a combination of sev-
eral factors like autoimmunity, environmental exposure, genetics and infections.1,2

Scleroderma, alternatively known as systemic sclerosis (SSc), is characterized by
aberrations of extracellular matrix deposition, severe and often progressive cuta-
neous and visceral fibrosis, pronounced alterations in the microvasculature and
numerous cellular and humoral immune abnormalities.3 Scleroderma can cause
major lung pathology like pulmonary fibrosis, which is a major cause of morbidity
and mortality in scleroderma patients. Curcumin is found to be beneficial in scle-
roderma and other associated organ pathologies. Curcumin exerts the protective
effect by mainly modulating the protein kinase C (PKC) pathway. PKC-dependent
signal transduction pathways have been found to regulate many intracellular events
in fibroblasts involved in the development of fibrosis. Two of the novel PKCs, �
and ε, play important roles in scleroderma. PKC � is present at elevated lev-
els in scleroderma dermal fibroblasts that might be involved in the dysregula-
tion of collagen gene expression that is characteristic of SSc.4 Thrombin-induced
p21Cip1/WAF1 is involved in both cell survival and DNA synthesis, providing sup-
plementary support for the important roles of thrombin-induced signaling in the
emergence, proliferation and persistence of the myofibroblast phenotype critical
for the development and progression of pulmonary fibrosis. PKC isoforms � and
ε play a major role in the regulation of p21Cip1/WAF.5 PKC ε is deficient in scle-
roderma lung fibroblasts (SLF) when compared to normal lung fibroblasts (NLF).6
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This differential expression makes SLF susceptible to curcumin-induced apopto-
sis, whereas NLF tolerates the same. Increasing PKC ε expression in SLF provides
protection against curcumin and decreasing PKC ε expression or activity in NLF
causes the cells to become sensitive to curcumin.7 This selectivity might be due
to the low levels of phase 2 enzymes, which is a consequence of the downregula-
tion of PKC in SLF. This shows that curcumin might be used in the treatment of
scleroderma by inducing apoptosis selectively to SLF and not to NLF. Moreover,
heme oxygenase 1 (HO-1), a phase 2 enzyme, is being produced at higher level
in skin fibroblasts isolated from patients with SSc as a feedback mechanism of
hypoxia and free radicals.8 Curcumin induces the expression of phase 2 detoxi-
fication enzymes such as HO-1 and glutathione-S-transferase (GST), which are
regulated by the antioxidant response element (ARE).9,10 ARE is regulated and
activated by the inactivation of the Nrf2-Keap1 complex.10 (NF-E2)-related fac-
tor 2 (Nrf2) is a transcription factor that regulates the expression of conjugating
enzymes like GST and HO-1 via ARE.11 Nrf2 activity is regulated by its seques-
tration in the cytoplasm by Kelch-domain-containing protein, Keap1 (K elch-like
ECH-associated protein 1). Keap 1 releases Nrf-2 in the presence of oxidants and
chemoprotective agents, thereby leading to the activation of ARE and expression
of phase 2 enzymes.12 Curcumin has been shown to promote the dislodging of
Nrf-2 from the Nrf2-Keap1 complex, leading to increased Nrf2 binding to the
resident HO-1 AREs, resulting in upregulation of HO-1 expression.10 Moreover,
phosphorylation of Nrf2 by PKC also promotes its dissociation from Keap1 and
thereby increases the expression of phase 2 detoxification enzymes.13 Curcumin
induces the Nrf2/ARE pathway, increases HO-1 expression and stimulates Nrf2
binding to the ARE via PKC.14 These details suggest the important role of PKC in
scleroderma, and curcumin, being a PKC modulator as well as antioxidant enzyme
inducer, might be of therapeutic value in scleroderma.

3. PSORIASIS

Psoriasis is a noncontagious hyperproliferative skin disease caused by faulty sig-
nals in the immune system and is generally considered an autoimmune disease
mediated by T-cells.15 It results in thick, silvery flakes of scale on raised pink-
ish red skin with well-defined margins. Hence, agents can be screened on the
basis of antiproliferative and/or anti-inflammatory properties. Curcumin has the
ability to be developed as an antipsoriatic drug because of its ability to curtail
keratinocyte proliferation16 and was found to be effective in the mouse tail ani-
mal model of psoriasis.17 Curcumin decreases the expression of proinflammatory
cytokines like interleukin 6 and IL-8 in human keratinocytes.18 These cytokines
are both proinflammatory and are growth factors for keratinocytes. Hence, their
inhibition by curcumin might reduce psoriasis-linked inflammation as well as
psoriasis-related keratinocyte hyperproliferation. Moreover, HO-1 is being pro-
duced at higher levels in the skin of psoriatic patients and might be involved in heme
degradation and in the protection of cells from the toxic effects of reactive oxygen
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species (ROS).19 Curcumin regulation of HO-1 and counteracting oxidative stress
was a major highlight in its protection against scleroderma as well.

Topical therapies have a stronghold in human psoriasis treatment. The most com-
mon therapy for psoriasis is topical glucocorticoids due to their anti-inflammatory
activity.20 Even though glucocorticoid treatment is effective, discontinuation is
prompted due to its side effect of dermal atrophy. Dermal atrophy is due to the in-
hibitory effect of glucocorticoids on collagen synthesis and deposition. Therefore,
suitable alternatives are pivotal for treating psoriasis. The polyphenolic compound
curcumin and related nontoxic antioxidants from the rhizome of the Curcuma longa
have a favorable effect on psoriasis. Phosphorylase kinase (PK), a calmodulin-
containing enzyme, is involved in regulating calcium-dependent phosphorylation
events in human epidermis. PK is present in both psoriatic and normal epider-
mis. However, PK is expressed at significantly higher levels in psoriasis. Higher
levels of PK activity, glycogenolysis and phosphorylation are associated with in-
creased psoriatic activity.21 Curcumin is a selective PK inhibitor and was shown
to reduce the PK levels in psoriatic subjects to PK levels as in normal skin.22 Cur-
cumin was found to be more effective in reducing the PK levels when compared
with calcipotriol, a vitamin D3 analogue in psoriasis.22 The resolution of psoria-
sis in the curcumin-treated group was far better than the calcipotriol or untreated
group.

Other than topical therapies, phototherapy is also considered effective and safe
for treating psoriasis. Curcumin proves phototoxic for Salmonella typhimurium and
Escherichia coli on irradiation with visible light.23 This potential photosensitizing
principle of curcumin makes it applicable in the phototherapy of psoriasis. The
combination of phototherapy with curcumin might accelerate the clinical response
and might even diminish the exposure load.

4. SKIN CANCER

Skin cancer is a disease in which cancer (malignant) cells are found in the outer
layers of skin. Most skin cancers are classified as nonmelanoma, usually occurring
in either basal cells or squamous cells, and melanoma, cancer that begins in the
melanocytes (cells that produce the skin color or pigment known as melanin).24

Skin cancer is mainly caused by the interaction of genes and the environment.
Exposure to sun is the leading environmental cause of skin cancer. Skin cancer
also tends to be genetic (hereditary) and occurs very frequently in certain ethnic
groups, especially those with fair complexions. Other possible causes of skin cancer
include X-rays,25 trauma, and exposure to certain chemicals like arsenic.26

Murine models are used to study chemical- and radiation-induced skin can-
cer. One of the reliable models of chemical carcinogensis is the two-stage model
in which the tumor is initated by chemicals like 7,12-dimethylbenz[a]anthracene
(DMBA), benzo[a]pyrene (BAP), and 3-methyl cholanthrene and promoted by
treatment with tetradecanoylphorbol-13-acetate (TPA) the following week until
papillomas form. Curcumin inhibited and decreased the number of tumors in the
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DMBA-induced and TPA-promoted model of chemical carcinogenesis.27−29 Or-
nithine decarboxylase (ODC), the rate-limiting enzyme in polyamine biosynthesis,
is elevated in mouse epidermis after TPA administration and this induction was in-
hibited by intraperitoneal injection of curcumin.30 Topical application of curcumin
inhibited TPA-induced epidermal hyperplasia, which might be due to inhibition
of c-jun and c-fos expression.31 Pretreatment with curcumin significantly reduced
the ODC levels induced by ultraviolet A (UVA) irradiation, thereby alleviating the
TPA-induced dermatitis.32

The incidence of skin cancer by radiation is rising and a frequently used preclin-
ical animal model of photocarcinogenesis is the SKH-1 hairless mouse strain.33

DNA damage and mutation in crucial genes are prominent reasons for the initia-
tion of skin tumor by ultraviolet B (UVB) light. Application of curcumin inhibited
the UVB-induced epidermal hyperplasia.31 Curcumin also controlled the proin-
flammatory cytokines induced by UVB in keratinocytes by nuclear factor (NF)-
�B inhibition.34 Exposure of the human skin to UVB causes acute inflammation
and cyclooxygenase (COX)-2 plays a prominent role in mediating inflammation.
Curcumin treatment in UVB-irradiated keratinocytes largely abrogated COX-2
expression by suppressing p38 Mitogen-activated protein kinase (MAPK) and Jun
N-terminal kinase (JNK).35 The anti-inflammatory property of curcumin can be
recognized by its ability to decrease TPA-induced COX-2 expression in mouse
skin through blocking extracellular signal-regulated kinases (ERK) and NF-�B
signaling cascades.36

Oxidative stress plays a crucial role in skin carcinogenesis. Activating oxygen
can produce compounds called free radicals that cause oxidative stress on cells.
Both UV and chemicals have the ability to induce free radicals and such stress
could ultimately lead to cancer. Antioxidant plant phenolics like curcumin might
be used as an effective chemopreventive agent for mouse skin carcinogenesis by
their antioxidant property.37 All of the experimental evidences provide a molecular
mechanism for suppression of tumor promotion as well as for the anti-inflammatory
activity exerted by this phytochemical in mouse skin.

5. WOUND-HEALING

Every wound initiates bodily mechanisms that are designed to regenerate the same
or almost the same tissue as the original one. Wound-healing proceeds in three in-
terrelated dynamic phases with overlapping time courses irrespective of the wound
type and the degree of tissue damage.38 According to morphological changes in
the course of the healing process, three phases are clinically distinguished: (1) the
inflammatory or exudative phase, for detachment of the deteriorated tissues and
wound cleansing; (2) the proliferative phase, for the development of granulation
tissue; and (3) the differentiation phase or a regeneration phase, for maturation,
scar formation and epithelialization.

The inflammatory response is characterized by homeostasis and inflammation.
Damaged tissue releases adenosine diphosphate (ADP) and a vasoconstrictor,
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resulting in platelet aggregation and blood vessel constriction, thus sealing the
damaged blood vessels and reducing blood flow, respectively.39 Degranulating
platelets release a number of chemokines. Neutrophils, activated endothelial cells,
leukocytes, macrophages and epithelial cells, migrate in the wound matrix un-
der chemotactic signals.38 These cells further secrete chemotactic mediators and
enzymes. This helps in removing the wound debris, promoting angiogenesis and
stimulatiing fibroblasts and keratinocytes.40,41 Once the inflammatory cells are ac-
tive, they become susceptible to transforming growth factor (TGF)-�1-mediated
suppression to reverse the inflammatory substance. IL-4 also dampens the inflam-
matory response and promotes collagen synthesis. This step marks the transition
from the inflammatory phase into the next phase of tissue reconstruction—the
proliferative phase.

The proliferative phase is marked by reepithelialization, granulation and angio-
genesis in the wound tissue.38 Epithelial cells begin to proliferate, migrate and
cover the exposed area to restore the functional integrity of the tissue, serving both
the purpose of wound contraction and reformation of the cutaneous barrier.42 Si-
multaneous to this process, granulation and angiogenesis start. Granulation tissue
was described by Letterer as a temporary primitive tissue until after having ful-
filled its function and is subjected to regression and for the most part is gradually
converted into the scar tissue.43 Granulation tissue forms below the epithelium and
is composed of inflammatory cells involving leukocytes, histocytes, plasma cells,
mast cells and fibroblasts. Nourishment of the nascent tissue is ensured by growing
capillaries. Within the granulation tissue, angiogenesis is potentiated by hypoxia,
nitric oxide (NO), vascular endothelial growth factor (VEGF), fibroblast growth
factor-2 (FGF-2), chemokines and macrophage inflammatory protein (MIP-1�).44

With the generation of new vasculature, matrix-generating cells move into the
granulation tissue. The fibroblast degrades the provisional matrix and synthesizes
the new extracellular matrix (ECM). TGF-� stimulates fibroblast to synthesize col-
lagen I, III, and V, proteoglycans, fibronectin and other ECM components. As the
repair progresses, the fibroblast displays increased expression levels of adhesion
molecules and assumes a myofibroblast phenotype to facilitate wound contraction.
In the last phase of wound-healing, which continues for years, fibroblast prolifer-
ation ceases and the ECM matures to provide a connective tissue structure that is
both strong and flexible and adds to the tensile strength of the wound.

Turmeric has been used since ancient times in India for the treatment of wounds.
Topical application of turmeric as a household remedy, for several conditions is
described by Nadkarni.45 In a recent review, Maheshwari et al. described the mul-
tiple biological activities of curcumin.46 Several studies have shown the beneficial
effect of curcumin in the enhancement of wound-healing. Curcumin acts at multi-
ple points in wound healing. The anti-inflammatory and ROS scavenger activities
of curcumin are regarded as the mechanisms helping in enhancing wound-healing.
In the gastric ulcer, curcumin accelerates healing by reepithelialization, prevent-
ing glutathione depletion, lipid peroxidation, protein oxidation, attenuating matrix
metalloprotein (MMP)-9 and inhibiting MMP-2 activity.47 When incorporated
in a collagen matrix, curcumim resulted in enhanced wound-healing.48 Wound
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reduction resulted due to enhanced cell proliferation and efficient free-radical
scavenging by curcumin. Curcumin incorporation also resulted in the higher ther-
mostability of collagen. Oxidative damage to keratinocytes, skin cells, and fi-
broblasts is also reversed by curcumin.49 At a dose of 10 �g/mL, curcumin pro-
tects keratinocytes from the oxidative damage of hydrogen peroxide. Early growth
response-1 gene (Egr-1), a transcription factor that regulates genes involved in
various pathophysiological processes, including vasculature and wound-healing.
Egr-1 is suggested to contribute to the complex series of cellular and thrombogenic
events in the development of vascular occlusive lesions.50 Curcumin suppresses
the induction of Egr-1 in endothelial cells and fibroblasts and thus could have a
potential therapeutic value, particularly in suppressing thrombogenic events asso-
ciated with various pathological conditions.51 The oral and topical administration
of curcumin on punch biopsy wounds resulted in faster healing. Curcumin treat-
ment resulted in faster reepithelialization of the epidermis, increased migration
of myofibroblasts, fibroblasts, and macrophages in the wound bed, extensive neo-
vascularization and greater collagen deposition.52 This enhanced wound-healing
activity is attributed to increased TGF-�1 expression by curcumin. These studies
show that curcumin can be effectively used in therapeutics for enhancing wound-
healing.

6. METABOLIC IMPAIRED WOUND-HEALING

The relationship between wound and patient is complex and depends on the overall
condition of the afflicted person. It depends on a number of endogenous factors,
including age and metabolic condition. In the normal healthy host, wound-healing
is usually uncomplicated and proceeds at a rapid rate. In contrast, most heal-
ing failures are associated with some form of host impairment, including dia-
betes, infection, immunosuppression, obesity or malnutrition. Impaired wound-
healing is a significant source of morbidity for the surgical patient and might
result in complications such as wound dehiscence, anastomotic breakdown and
chronic nonhealing ulcers.53 Multiple factors contribute towards the impairment
of wound healing in diabetes. These factors include inadequate blood supply
due to venous insufficiency and cuffing of microvessels,54 decreased prolifera-
tive potential of fibroblasts,55 decreased inflammatory changes, and failure of
migrating macrophages to show activation markers.56 The cost associated with
such complications might be extreme due to prolonged hospitalization and in-
creased time away from work. Several studies have shown a beneficial activity
of curcumin in diabetic conditions such as blood glucose, cataract, hyperalgesia,
and oxidative stress.57−60 Curcumin has been shown to enhance woundhealing in
dexamethasone-induced diabetes in rats.61 These animals exhibit delayed healing
without any treatment. Wounds of animals treated with curcumin showed earlier
reepithelialization, improved neovascularization, increased migration of dermal
myofibroblasts, fibroblasts, and macrophages into the wound bed, and a higher
collagen content. Curcumin treatment resulted in increased expression of TGF-�1
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and its receptor TGF-� type I (tIrc) and type II (tIIrc) and induced nitric oxide
species (iNOS).62 Apoptosis was also delayed in diabetic wounds compared to
curcumin-treated wounds. These studies show that curcumin has a positive im-
pact on wound repair in diabetic-impaired healing and could be developed as a
pharmacological agent for treating diabetic wounds.

7. RADIATION-INDUCED IMPAIRED WOUND-HEALING

Humans are increasingly exposed to radiations, especially in the use of radiation
against cancer therapeutic or incidental. Exposure of wounds to radiation results
in the impairment of healing and also has malignant potentials.63 Exposure of the
wound tissue to ionizing radiation results in the disruption of the normal healing
and thus longer recovery and detrimental effect on the outcome of injury. Wounds,
when exposed to radiation, result in severe inhibition of inflammatory response,
slow maturation of granulation tissue, reduced collagen and hexosamine synthesis,
and delayed reepithelialization.64 Fibroblasts, the key players in granulation tissue
formation and maturation, isolated from the irradiated wound and from the wound
after total-body irradiation (TBI) have significantly reduced attachment, adhesion,
and colony formation ability and have longer doubling time compared to nonirra-
diated fibroblasts.65,66 Systemic irradiation after the creation of wounds results in
decreased phagocytic function of wound macrophages. The release of TNF-� and
IL-1 from wound macrophages, the number of macrophages in the wound, and
the wound breaking strength (WBS) decrease after exposure to irradiation.67 Oral
administration of curcumin before irradiation enhanced the synthesis of collagen,
hexosamine, DNA, and nitrate.68 Curcumin pretreatment results in reduced wound
healing time, improved collagen deposition, increase in fibroblast and vascular den-
sity. Curcumin pretreatment treatment resulted in a dose dependent increase in the
contraction of irradiated wound.69,70 Therefore, curcumin can be effectively used
in the treatment of irradiated wound for improving the delayed healing.

8. CURCUMIN AND ANGIOGENESIS IN SKIN DISEASES

Angiogenesis, the formation of new blood vessels, plays a significant role in phys-
iological processes like growth and development, wound-healing and reproductive
functions in adults. Contrary to these beneficial effects, angiogenesis can be detri-
mental in several pathological conditions, which include malignant diseases like
skin cancer as well as nonmalignant conditions like psoriasis, atopic dermatitis
and diabetic retinopathy. Astonishingly, VEGF, a proangiogenic factor is overex-
pressed in the skin of patients with SSc despite insufficient angiogenesis.71 Angio-
genesis appears to be a fundamental inflammatory response early in pathogenesis,
and significant abnormalities of vascular morphology and angiogenic growth fac-
tors have been described in psoriasis.72 Proteasome inhibitors have been recently
investigated for treating psoriasis and other inflammatory disorders. Compounds



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal February 20, 2007 17:31

BENEFICIAL ROLE OF CURCUMIN IN SKIN DISEASES 351

like curcumin, which not only inhibit angiogenesis but also inhibit proteasome
activity, might provide a suitable alternative to treat psoriasis.73 Antiangiogenic
therapies represent a powerful addition to traditional cancer therapies and other
skin diseases. Curcumin is found to hamper tumor angiogenesis74 and it might be
a reason in part for its activity in inhibiting carcinogenesis in skin. Endothelial
cell proliferation and differentiation are sequential events involved in capillary
formation. The growth of human umbilical vein endothelial cells (HUVECs) stim-
ulated with fibroblast growth factor (FGF) and endothelial cell growth supplement
(ECGS) was found to be inhibited by curcumin, wherein it effectively blocked cell
cycle progression during the S phase by inhibiting the activity of TK enzyme.75

Curcumin treatment resulted in inhibiting tube formation as well as reduced the
migration of endothelial cells in a Matrigel plug model, thus showing their in-
hibitory nature on angiogenic differentiation of endothelial cells.76 All of the cited
experimental evidence indicate the antiangiogenesis effect of curcumin and its po-
tential as a valuable therapeutic agent. However, curcumin has shown a beneficial
effect as a pro angiogenic agent in wound-healing by inducing TGF-�. During the
inflammation that follows injury, TGF-� induces both the angiogenesis and ac-
cumulation of the ECM, which continue through the remodeling phase of wound
repair. Moreover TGF-� can attract inflammatory and connective tissue cells,
which, in turn, control angiogenesis. The preclinical evidence suggests that cur-
cumin might exert a dual effect in angiogenesis and its action mainly depends on
the environment in which it is acting.

9. CLINICAL TRIALS WITH CURCUMIN FOR VARIOUS
SKIN DISORDERS

Although preclinical data of curcumin in various animal models of skin disease
is very encouraging, clinical trials on the pharmacokinetics, pharmacodynamics,
and mechanism-based markers of efficacy would help in developing curcumin as
a therapeutic agent. Some of the clinical trials on curcumin pertinent to skin dis-
eases are discussed in brief. A phase I study for Bowen’s disease (squamous cell
carcinoma in situ) of the skin was conducted for curcumin and the study reports
that there was no treatment-related toxicity up to 8000 mg/day for up to 3 months.
Histologic improvement of precancerous lesions was seen in around 33% of pa-
tients with Bowen’s disease.77 Another clinical trial in the University of California
was carried out for patients with psoriasis. An alcoholic gel preparation contain-
ing 1% curcumin was compared with calcipotriol ointment (Dovonexw, 0.005%
calcipotriol) in a cohort of 10 patients. Untreated patients with psoriasis were the
control group. Curcumin-treated psoriasis patient had much better resolution of the
disease within a shorter period of time when compared to the calsipotriol ointment.
In a separate experiment, when curcumin gel was compared with the vehicle alone
(alcoholic gel), curcumin-treated plagues improved by 25 ± 70%, whereas there
was no improvement in 33% of the patient and the condition worsened in 66% of
the vehicle-treated plaques.22 Neem (Azadirachta indica) and turmeric were used
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Figure 1. Schematic representation of multiple targets involved in curumin’s beneficial

effects in various skin diseases and wound-healing.

as a paste for the treatment of chronic ulcers and scabies. Curcumin cured around
97% of the people in a cohort of 814 people suffering from scabies [itchy condition
of the skin caused by a tiny mite (Sarcoptes scabiei)] within 3–15 days.78

10. CONCLUSIONS

There have been a number of encouraging studies on skin benefits of curcumin
(Figure 1). Preclinical trials with experimental animal models and few of the human
clinical trials conducted so far showed the protection rendered by curcumin from
skin diseases like psoriasis. Moreover, it has been shown to be nontoxic in large
doses even at 8 g/day. Curcumin appears to protect skin by quenching free radicals
and reducing inflammation, and the primary target of curcumin is found to be
NF-�B inhibition. These studies suggest the beneficial effect of curcumin and the
potential of this compound to be developed as a potent nontoxic agent for treating
skin diseases.
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Abstract: Curcumin, a major active component of turmeric, is extracted from the
powdered dry rhizome of Curcuma longa Linn (Zingiberaceae) and it has been used
for centuries in indigenous medicine. We have shown that curcumin has a protective
role against myocardial necrosis in rats. The antioxidant activity of curcumin
could be attributed to the phenolic and methoxy groups in conjunction with the
1,3-diketone-conjugated diene system, for scavenging of the oxygen radicals. In
addition, curcumin is shown to enhance the activities of detoxifying enzymes such
as glutathione-S-transferase in vivo. We have also shown that oxygen free radicals
exacerbate cardiac damage and curcumin induces cardioprotective effect and it also
inhibits free-radical generation in myocardial ischemia in rats. This chapter on the
cardioprotective effects of curcumin covers the following aspects: (1) the history
of curcumin and its discovery as a potent drug with relevance to cardiovascular
diseases; (2) mechanistic role of curcumin in vitro, emphasizing the antiplatelet and
anticoagulant effects; (3) cardiovascular properties of curcumin; (4) application
of curcumin in different animal models (viz. myocardial ischemia, myocardial
infarction, cardiomyopathy, and arrhythmia in vitro and in vivo); (5) curcumin
free-radical scavenging activity, particularly against O·-

2 radical and depletion of
the oxidative stress.

1. INTRODUCTION

In recent years, many spices have made a cross-cultural penetration that, in turn,
has generated scientific curiosity about their biological effects and modes of action.
One such wonder is the “turmeric” spice made from the root of the plant Curcuma
longa (Zingiberaceae), in the ginger family. In the Ayurvedic system of medicine,
turmeric has been prescribed for the treatment of common colds, coughs, jaundice,
and upper respiratory disorders.1 “The next time you feel a cold coming on, try
this old Indian remedy: open a capsule or two of curcumin into a small amount of
honey. Mix it and eat. You’ll feel better almost immediately.”

Since ancient times, many properties have been ascribed to extracts of Curcuma
longa. The plant has been applied for the prevention of skin diseases, hepatic
disorders, ulcers and digestive disturbances. It has also been used in the treatment
of intestinal parasites and as a remedy for poisoning, snakebites, and various other
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Figure 1. Chemical structure of curcumin (1,7-bis (4-hydroxy-3 methoxyphenyl)-1,6-

heptadiene-3,5-dione).

complaints.2 It is considered to be a magical plant because of its organoleptic
properties and undoubted therapeutic and protective effects, especially for the
skin and liver.3 According to a WHO/FAO report (1974), the dietary intake of
turmeric in Indian populations ranged between 2 and 2.5 g per person (approximate
weight = 60 kg) per day. Keeping in view the amount of curcumin (3–5%) present
in dry rhizome, an adult individual might be consuming 60–100 mg of curcumin
per day.

Curcumin (Figure 1), a major active component of turmeric, has been used
for centuries in indigenous medicine for the treatment of a variety of inflamma-
tory conditions and other diseases.1 Curcumin contains curcuminoids (including
demethoxycurcumin and bisdemethoxycurcumin), which are antioxidants.4

Extensive scientific research on curcumin has demonstrated its potent antiox-
idant properties. This chapter details the cardioprotective effects of curcumin as
follows: (1) the history of curcumin and its discovery as a potent drug with rele-
vance to cardiovascular diseases; (2) mechanistic role of curcumin in vitro, empha-
sizing the antiplatelet and anticoagulant effects; (3) cardiovascular properties of
curcumin; (5) application of curcumin in different animal models (viz. myocardial
ischemia, myocardial infarction, cardiomyopathy, and arrhythmia in vitro and in
vivo); (5) curcumin free-radical scavenging activity, particularly against O·-

2 radical
and depletion of the oxidative stress.

2. DISCOVERY AS A POTENT DRUG

Curcumin is thought to be the primary pharmacological agent in turmeric. In
numerous studies, curcumin’s anti-inflammatory effects have been shown to be
comparable to the potent drugs hydrocortisone and phenylbutazone as well as
over-the-counter anti-inflammatory agents such as Motrin. Unlike the drugs,
which are associated with significant toxic effects (ulcer formation, decreased
white blood cell count, intestinal bleeding), curcumin produces no toxicity. Cur-
cumin, also known as turmeric root, is gaining attention for its positive impact
on a number of diseases, including cholesterol reduction. Scientific evidence has
been building since the mid-1980s of curcumin’s potential cholesterol-lowering
capabilities.
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Several studies have reported that curcumin is beneficial in lowering low-density
lipoprotein (LDL) and raising high-density lipoprotein (HDL) or good cholesterol
while reducing lipid peroxidation. Ten human volunteers were given 500 mg of
curcumin for 7 days during a controlled trial at Amala Cancer Research Centre in
India. After 7 days, they noted a 29% increase in good cholesterol (HDL) and a re-
duction of 11.6% in total cholesterol. Lipid peroxidation was also reduced by 33%.
Another study published in Atherosclerosis in Dececember 1999 by the Faculty
of Pharmacy at the University of Granada reported that curcumin was effective in
inhibiting LDL oxidation and lowering LDL cholesterol as well as triglycerides.
According to the latest research, curcumin reduced cholesterol by interfering with
intestinal cholesterol uptake, increasing the conversion of cholesterol into bile
acids and increasing the excretion of bile acids.

In conclusion, supplementation with Curcuma longa extract reduced oxida-
tive stress and attenuated the development of fatty streaks in rabbits fed a high-
cholesterol diet.5 However, because we have data showing that curcumin acts as a
potent drug in cardiovascular disorders, every individual question will be “What
is the mechanistic role ?”

3. ANTIPLATELET EFFECT

As pointed out by Pilgeram,6 “no disease in the history of mankind exacts a greater
toll in morbidity than heart or blood vessel disease.” However, the physiopatho-
logical mechanisms responsible for this disease are not fully understood. Dating
back to 1846, Von Rokitansky was the first to propose that the accumulation of a
fibrous substance on the endothelial wall of arteries is the fundamental cause of
coronary heart disease,7 and at about the same time, Anitschow showed that diets
high in cholesterol and fat resulted in the formation of atheromatous plaques.8

Platelets have a key role in atherosclerosis, thrombosis, and acute coronary
syndromes. Platelet adhesion, the first step in the process of homeostasis, was
triggered by damage to the vessel wall and local exposure of the sub endothelial
matrix. Coverage of the exposed site by platelets depended on the recognition of
adhesive proteins by specific platelet-membrane glycoproteins, many of which are
integrins.9,10 After the platelet monolayer is formed over the endothelial lesion,
specific agonists induce platelet vesicle secretion and aggregation. Platelet aggre-
gation was mediated by the GPIIb/IIIa receptor, a member of the integrin super-
family of membrane-bound adhesion molecules. Integrins are defined as subunit
receptors composed of an � subunit (i.e., GPIIb) and a � subunit (i.e., GPIIIa) capa-
ble of mediating adhesive interactions between cells or matrix. Although integrins
were distributed widely throughout the vasculature, where they were expressed on
endothelial cells, smooth muscle cells, and leukocytes, expression of the GPIIb/IIIa
integrin is restricted to platelets.11

Extracts from several spices possessed antiaggregatory properties and they were
shown to alter eicosanoid biosynthesis.12,13 An ether extract of turmeric inhibited
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arachidonate-induced platelet aggregation and showed inhibitory effects at several
steps of the arachidonic acid (AA) cascade in platelets. We report here the effects
of curcumin [1,7-bis (4-hydroxy-3-methoxyphenyl)-l,6-heptadiene-3,5-dione] on
platelet aggregation and eicosanoid metabolism.14

Curcumin inhibited the incorporation of AA into platelet phospholipids and also
inhibited the deacylation of the latter, which would result in reduced amounts of
free AA. Thus, it was observed that curcumin exerted its effects at several steps
of the AA cascade in platelets (Figure 2). In this respect, curcumin’s mechanism
of action on the AA cascade in platelets resembled that of garlic and some of its
components.15

Whether these effects and, more particularly, the inhibition of phospholipids
deacylation were specific for platelets or was common to other cell types needs to
be determined. If the release of AA was inhibited by curcumin in other cells also
(e.g., polymorphonuclear leukocytes), it might explain its (as well as turmeric’s)
anti-inflammatory activity.

Platelet aggregation occurred when fibrinogen molecules bound to the acti-
vated GPIIb/IIIa receptor and connected platelets to one another.16 Antiplatelet
therapy prevented potential thrombolytic-induced platelet aggregation, coronary
artery reocclusion, and reinfarction.11 Curcumin might inhibit the cyclooxygenase
(COX) pathway by blocking the GPIIb/IIIa receptor, inhibiting platelet aggrega-
tion leading to the formation of blood clots.17 The IC50 shown by the antiplatelet
aggregation of curcumin in this study might be of great help to develop potent
antiplatelet drugs.18

Curcumin, a spice food pigment quite commonly used in natural medicine, ex-
erted its potent antiplatelet activity through inhibition of COX activity and blockade
of calcium signaling. The sensitivity of platelet agonists to the inhibitory effect
of curcumin varied, platelet-activating factor (PAF) and AA-mediated aggrega-
tion being the most sensitive. Both of these agonists were directly or indirectly
involved in the stimulation of thromboxane A2 (TXA2) production. TXA2 inter-
acted with its receptors on platelets in an autocrine fashion to activate Gq protein19

and PAF was known to activate the Gq-phospholipase C signaling pathway.20,21

Stimulation of Gq protein led to the generation of the second-messenger Inos-
itol phosphate (IP3) and diacylglycerol, which, in turn, induced the release of
Ca2+ from the dense tubular system and the activation of protein kinase C (PKC),
respectively.22−24 Multiple isoforms of both IP3 receptor and PKC were present in
platelets.25−27

Defects at any of the signaling cascade, receptor or Gq protein activation, IP3
formation, or Ca2+ release could impair the platelet response to agonists. Cur-
cumin inhibited platelet aggregation induced by calcium ionophore A-23187 and
other agonists known to increase cytosolic Ca2+. A rise in cytosolic Ca2+ levels
accompanied platelet activation through the stimulation of enzymes that were not
fully functional at the low Ca2+ concentration present in the resulting platelets23

In platelets, multiple signaling mechanisms occurred because of an increase in
cytosolic Ca2+. These included the stimulation of phospholipase C, activation of
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Figure 2. Metabolism of AA in blood platelets and the steps where curcumin shows an

inhibitory effect.

inhibitory G-protein (Gi ), opening of receptor-operated calcium channels, and
mobilization of intracellular calcium.22,23,28,29

The common point in the action of the platelet agonists (ADP, epinephrine,
collagen, A- 23187, PAF) was the increase in the levels of cytosolic Ca2+, either
due to its release from internal stores or through Ca2+ influx.23,30 Because curcumin
inhibited the aggregation induced by these agents, it is likely that it could interfere
with the Ca2+ signaling influx in activated platelets. However, the agonists that
were linked with the activation of the COX pathway were more sensitive to the
inhibitory effect of curcumin. It seems that curcumin exerted its inhibitory effects
at points distal to any specific receptor of G-protein, most likely at COX- and
Ca2+-activated signaling cascades. Therefore, curcumin might exhibit preferential
inhibitory effects on aggregation mediated by agonists such as (PAF and AA),
which activated either one or both of the signaling targets.22,31,32
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Cells possessed the capabilities of maintaining milieu inte’rieur through reg-
ulation and desensitization of signaling molecules, which might include recep-
tors, G-proteins, or second messengers.33 PKC played an important role in signal
transduction pathways including platelets, as it directly regulated adenylyl cyclase
activity through phosphorylation and inactivation of Gi .

34 PKC acted in synergy
with Ca2+ mobilization for the activation of platelets.25 Curcumin (up to 500 mM)
did not block the aggregation induced by phorbol myristate acetate (PMA). This
excluded the possible role of PKC in curcumin-mediated inhibition of aggrega-
tion. These findings were in contrast to previous studies suggesting the inhibitory
activity of curcumin on PKC in NIH 3T3 cells,35,36 but they were in accordance
with those that compared to AA and PAF (25–30 mM). Epinephrine, through inter-
action with �2-adrenoceptors, activated Gi and inhibited adenylyl cyclase activity,
thus causing a decrease in intracellular cAMP levels in platelets.

Agents that decreased cAMP levels stimulated platelet aggregation.28,29 In fact,
the effects of epinephrine in platelets might be mediated through multiple path-
ways: a decrease in intracellular cAMP levels, stimulation of phospholipase Cb
and thus IP3 production by G-protein subunits, an increase in Ca2+ influx, and
activation of other proteins such as Syk and related adhesion focal tyrosine kinase
(RAFTK).37,38 In addition to epinephrine, other platelet agonists, such as ADP, col-
lagen, and A-23187, which were inhibited by curcumin (IC50 = 650, 450, and 100
mM, respectively) also induced RAFTK phosphorylation. It might be interesting
to examine the effect of curcumin on Syk and RAFTK. The effect of curcumin on
ADP- and collagen-mediated aggregation was not well pronounced. ADP caused
a transient increase in IP3-mediated Ca2+ levels, which might eventually lead
to a store-depleted influx of Ca2+ through calcium channels.23,30 PAF, which is
known to activate phospholipase C (PLC), could enhance aggregation through an
increase in Ca2+ influx via receptor-operated Ca2+ channels, with such an effect
at low concentrations of PAF (picomolar) being independent of PLC activation.21

Studies provided evidence that curcumin possibly inhibited Ca2+ influx in
platelets, as demonstrated by the inhibition of platelet aggregation induced by
calcium ionophore A-23187. Because both ADP- and collagen-mediated aggrega-
tion had distinct signaling pathways that did not involve activation of COX activity,
higher concentrations of curcumin (IC50 = 450–600 mM) were required to block
their effect. In conclusion, these results implied that curcumin not only inhibited
COX activity as shown previously,15 but also impaired Ca2+ ionophore-mediated
platelet aggregation.

4. ANTICOAGULANT ACTIVITY

According to Pilgeram,6 the origin of the two current concepts of atherogenesis
was: one based on the formation of fibrous tissue and the other based on the
accumulation of cholesterol. He concluded that the two mechanisms might act in
synergy and that the probable atherogenic role of the fiber-forming blood protein
fibrinogen might help in the conceptual integration of the above mechanisms. His
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findings showed an age-related increase in the plasma levels of fibrinogen, which
was more striking in atherosclerotic subjects.

Additional evidence of the key pathogenetic role of fibrinogen and its byproducts
was offered in the extensive review by Kaplan and Bini.39 The authors suggested
that the accumulation of fibrinogen in the intima might precede that of LDL and thus
might be a more important risk factor than these lipoproteins for the development
of atherosclerotic lesions in cerebral arteries.

According to Kaplan and Bini, the mechanisms by which the conversion of
fibrinogen to fibrin and degradation of fibrin might occur in the vessel wall were not
yet known, but monocytes might play a role, as they synthesized coagulation factors
and fibrinolytic factors.39 Further, it seems highly likely that fibrin formation might
occur within the vessel wall and that fibrin might affect the function of the overlying
endothelium and also interact with plaque components, especially monocytes,
to aggravate the atherosclerotic process. In addition, Smith et al.40 noted that
fibrin degradation products might be chemotactic to monocyte-macrophages (and
therefore stimulated smooth muscle cell proliferation), and Ernst and Resch,41

on the basis of their meta-analysis of six prospective epidemiological studies,
concluded that high plasma fibrinogen levels were associated with subsequent
myocardial infarction or stroke.

In view of the above, it is interesting to note that the administration of an extract
of the plant Curcuma longa to human subjects lowered their plasma fibrinogen
level. Previous research had already shown that this product decreased the levels of
lipid peroxides and oxidized lipoproteins.42,43 The subjects chosen were in the age
group 24–75 years and were in apparent good health and held managerial, scientific,
or technical jobs. After obtaining their informed consent, blood was taken from
the cubital vein and fibrinogen was determined using the method of Claus.44 On
the basis of the results obtained, eight subjects showing abnormally high values
of plasma fibrinogen (i.e., over 350 mg/dLl) were chosen for the treatment with
the curcumin product. This treatment consisted in the daily intake of the same
dose used in our previous studies42,43 [ i.e., ingestion for 15 days of two tablets
of hydroalcoholic extract of Curcuma longa,45 containing approximately 10 mg
of curcumin per tablet (A.S.A.C. Pharmaceutical International A.l.E., Alicante,
Spain)]. On the15thday after the start of the treatment, blood was withdrawn from
the cubital vein of the treated subjects for determination of the fibrinogen levels.
Turmeric administration decreased the fibrinogen levels to 240–290 mg/dL, with
no side effects such as nausea, diarrhea, or constipation observed throughout the
course of the treatment.

Studies also showed that, at the doses and length of treatment indicated, turmeric
had no apparent liver or kidney toxicity, as shown by the data on serum glutamate
oxaloacetate transaminase (SGOT), serum glutamate pyruvate transaminase, al-
kaline phosphatase, and total bilirubin (direct and indirect).42,43,46 Moreover, the
treatment did not result in any significant change of the key parameters of blood
coagulation. This apparent lack of toxicity was in agreement with data from the
National Bureau of Standards of Hyderabad, according to which the daily adult
intake of turmeric in diet (as a food additive) ranged between 0.1 and 3.8 g. In our
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opinion, this preliminary finding justified further work to confirm the fibrinogen-
lowering effects of turmeric on a larger group of subjects. This work might have
both fundamental interest (with regard to the role of pro-oxidant and antioxidant
mechanisms in atherogenesis) and practical implications, as no proper drug is
available for the safe and selective lowering of fibrinogen levels.

The cascade of reactions involved in the coagulation of blood was an auto-
catalytic and self-limiting process converting zymogen to the active form in the
presence of proteolytic enzyme thrombin.11 The unique specificity of thrombin led
us to search for highly potent and selective inhibitors for this enzyme. The antico-
agulant action of curcumin was shown to prolong the clotting time, as observed by
thrombin time (TT), prothrombin time (PT), and activated partial thromboplastin
time (APTT) assays and this could be due to the presence of hydrophobic groups
in curcumin moiety.18

5. CARDIOVASCULAR PROPERTIES OF CURCUMIN

Atherosclerosis is considered a chronic and progressive disease arising from the
inflammatory processes and oxidative stress within the vessel wall.47,48 Atheroscle-
rosis is a multifactorial disease in which a major alteration of the vascular lipid
metabolism is produced. It was observed that curcumin reduced plasma lipid per-
oxides, molecules that play an important role in the pathogenesis of the disease.49

Curcumin also had different properties that contributed to combat this disease: It
reduced the susceptibility of LDL to oxidation,50 inhibited the proliferation of vas-
cular smooth muscle cells,51 had an antithrombotic effect, had a transient hypoten-
sive effect, and inhibited platelet aggregation in vivo and ex vivo. Curcumin also
provided an additional benefit by potentially reducing the risk of cardiovascular-
related disease by inhibiting platelet aggregation and significantly decreasing the
level of lipid peroxides.18

Observation of curcumin’s mechanism of action showed that it blocked the
formation of TXA2, a promoter of platelet aggregation, thereby inhibiting abnor-
mal blood clot formation. Curcumin also increased the level of prostacyclin, a
natural inhibitor of platelet aggregation.52 Although the molecular mechanisms
of action of curcumin are not fully understood, in several animal models it
was demonstrated to exert potent antioxidant, anti-inflammatory and antitumor
properties.53−55

The question arises, whether curcumin could suppress the inflammatory compo-
nent of atherogenesis. Indeed, recently, curcumin derivatives were demonstrated to
reduce aortic fatty streak formation in cholesterol-fed rabbits.5 In 1992, excellent
animal models became available for experimental atherosclerosis research. At that
time, the first line of gene-targeted animal models, namely apolipoprotein E (apoE)
knockout mice was developed.56 More recently, a apoE and LDLR–double knock-
out (apoE/LDLR-DKO) mice model that developed more severe hyperlipidemia
and atherosclerosis than mice deficient for apoE alone was demonstrated.57 In
both strains of gene-targeted mice, lesion formation was greatly accelerated
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and feeding with an atherogenic Western diet increased the lesion size. Thus,
apoE/LDLR–DKO mouse is currently considered one of the most relevant models
for the study of the antiatherogenic potential of drugs.

Curcumin, given orally at a relatively low dose, was able to decrease formation
of atherosclerotic changes in apoE/LDLR–DKO mice fed a Western diet. The
antiatherosclerotic action of curcumin was relatively weak, as it decreased the
lesion formation by 20%, as evidenced by the “en face” method.

Also, a more accurate cross-section analysis of aortic root showed almost a
twofold decrease of Oil red O (ORO) staining. It should be noted that the ac-
tion of curcumin was present in apoE/LDLR–DKO mice, despite feeding them by
Western diet, which accelerated lesion formation, increased lesion size, and pro-
moted development of advanced lesions at a significantly earlier age.58 Taking for
granted the poor curcumin bioavailability due to its rapid metabolism in the liver
and intestinal wall59 as well as the relatively low dose used (0.3 mg/mouse/day);
the antiatherogenic action of curcumin seemed to be quite significant. In order
to demonstrate mechanisms responsible for the antiatherosclerotic action of cur-
cumin, which might interfere with atherogenesis at several critical points, many
authors addressed NF-�B as an important therapeutic target for atherosclerosis.60

Recently, it was reported that PDTC, an NF-�B inhibitor, significantly decreased
atherosclerosis in apoE/LDLR–DKO mice fed a Western diet.61 It was demon-
strated that oral supplementation of caffeic acid phenethyl ester (CAPE), a com-
pound similar to curcumin, attenuated the atherosclerotic process in apoE knockout
mice due to the inhibition of transcription factor NF-�B.62 Interestingly, curcumin
was demonstrated to inhibit the activity of NF-�B in stimulated endothelial cells.63

However, whether inhibition of NF-�B could be responsible for the antiathero-
genic action of curcumin remains to be elucidated. Another plausible mechanism
responsible for the antiatherogenic action of curcumin might depend on the in-
duction of heme oxygenase-1 (HO-1), a potent antioxidant and vascular protective
enzyme.64,65 Induction of HO-1 was claimed to inhibit development of atheroscle-
rosis in apoE-deficient mice.66,67 Interestingly, it was shown that curcumin might
induce HO-1 in endothelial cells in vitro.68 Thus, the possible involvement of
HO-1 induction in the antiatherogenic action of curcumin requires further investi-
gation. Natural, polyphenolic compounds presented a wide spectrum of biological
activities69,70,70a and might represent a promising group of antiatherosclerotic
compounds.71

For example, flavonoids protected LDL from oxidation, enhanced endothelium-
derived nitric oxide bioactivity,72,73 inhibited endothelial activation,74,75 and
platelet aggregation.76

Curcumin might be able to prevent the oxidation of cholesterol in the body.
Because oxidized cholesterol is what damages blood vessels and builds up in the
plaques that can lead to heart attack or stroke, preventing the oxidation of new
cholesterol might help to reduce the progression of atherosclerosis and diabetic
heart disease. In addition, turmeric is a very good source of vitamin B6, which
is needed to keep homocysteine levels from getting too high. Homocysteine, an
intermediate product of an important cellular process called methylation, is directly



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal March 8, 2007 15:29

368 MIRIYALA, PANCHATCHARAM, AND RENGARAJULU

damaging to blood vessel walls. High levels of homocysteine are considered a
significant risk factor for blood vessel damage, atherosclerotic plaque buildup,
and heart disease; whereas a high intake of vitamin B6 is associated with a reduced
risk of heart disease.

6. ANTIOXIDANT EFFECT OF CURCUMIN

Many studies showed the potential of curcumin to prevent lipid peroxidation, a key
process in the onset and progression of many diseases. The capacity of curcumin to
stabilize membranes was demonstrated.50 Venkatesan observed a protective effect
of curcumin against the cardiotoxicity produced by adriamycin in rats, showing a
reduction in the parameters that indicated lipid peroxidation.77

Oxidative stress played a major role in the pathogenesis of various diseases, in-
cluding myocardial ischemia, cerebral ischemia–reperfusion injury, hemorrhage
and shock, neuronal cell injury, hypoxia, and cancer. Curcumin exhibited strong
antioxidant activity, comparable to vitamins C and E.78 Curcumin, with its proven
anti-inflammatory and antioxidant properties, was shown to have several thera-
peutic advantages. It was shown to be a potent scavenger of a variety of reactive
oxygen species, including superoxide anion radicals, hydroxyl radicals,79 and ni-
trogen dioxide radicals.80,81 It was also demonstrated to inhibit lipid peroxida-
tion in different animal models.82,83 Curcumin protected oxidative cell injury of
kidney cells (LLC-PK1) by inhibiting lipid degradation, lipid peroxidation, and
cytolysis84 and decreased ischemia-induced biochemical changes in heart in a cat
model.85

Vascular endothelial cells treated with curcumin prevented oxidant-mediated
injury by increased heme oxygenase production.68 Curcumin pretreatment and
cotreatment with isoprenaline (ISO) to protect rat myocardium against ISO-
induced myocardial necrosis,86,87 and the protective effect was attributed to its
antioxidant properties by inhibiting free-radial generation.18 It caused a decrease
in the degree of degradation of the existing collagen matrix and collagen synthesis,
2 weeks after the second dose of ISO. These effects were attributed to free-radical
scavenging properties and inhibition of lysosomal enzyme release by curcumin.88

Studies in our laboratory showed that pretreatment with curcumin resulted in
significant restoration of the liver cytokines interleukin (IL)-1�, IL-1�, IL-2, IL-6,
and IL-10 to normal levels that were increased by hemorrhage/resuscitation reg-
imen in rats. In fact, IL-1� levels were lower than sham levels. Nuclear factor
(NF)-�B and activator protein (AP)-1 were differentially activated at 2 and 24 h
posthemorrhage and were inhibited by curcumin pretreatment. Serum aspartate
transaminase estimates indicated decreased liver injury in curcumin-pretreated ani-
mals subjected to hemorrhage. These results suggested that protection by curcumin
pretreatment against hemorrhage/resuscitation injury might have resulted from the
inactivation of transcription factors involved and regulation of cytokines to bene-
ficial levels.89 Similarly, in chronically hypoxic rabbit hearts, Hsp70i translocated
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from the particulate to the cytosolic fraction and curcumin reversed this subcellular
redistribution90 through protein kinase pathways.91

Sreejayan and Rao claimed that the presence of phenolic groups in the structure
of curcumin was fundamental in explaining its ability to eliminate oxygen-derived
free radicals from the medium largely responsible for the peroxidation of cell
lipids.92 They were able to eliminate the hydroxyl radical,79 superoxide radical,92

singlet oxygen,93 nitrogen dioxide,80 and NO.81 It was also demonstrated that
curcumin inhibited the generation of the superoxide radical.94

Curcumin, at a relatively low concentration, exhibited remarkable anti-
inflammatory and antioxidant effects.4 Although the exact mechanism by which
curcumin promoted these effects remains to be elucidated, the antioxidant prop-
erties of this yellow pigment appeared to underlie its pleiotropic biological activ-
ities. Oxidative stress and formation of reactive oxygen species (ROS) could set
off a cascade of biochemical and molecular sequel such as the xanthine dehydro-
genase/xanthine oxidase (XD/XO) conversion, leading to production of ROS.95

Oxidative ischemic injury was suggested to be a central mechanism of the cellular
damage affecting all organs and tissues after ischemia; however, the mechanisms
that triggered and modulated this damage were not studied in detail.96

Oxidative injury was associated with the generation of ROS. It is well docu-
mented that XO is an important prerequisite factor in the process of O.−

2 generation
in acute ischemic injury.97 and this observation concurred with our finding wherein
a significant rise in percentage of XO was noticed in rat heart after ischemic insult
followed by a significant increase in O.−

2 generation.18 This finding was also in
agreement with that of Terada et al.,98 who demonstrated increased O.−

2 production
from endothelial cells exposed to hypoxia. In this study, the elevated level of
%XO activity in the diseased group was shown to be effectively counteracted by
the administration of curcumin. In addition, curcumin was noticed to significantly
decrease O·-

2 burst, and the one proposed mechanism underlying this protective ef-
fect of curcumin could be through its antioxidant properties restoring endogenous
glutathione (GSH) levels and thereby detoxifying free radicals.83 An alternative
mechanism for such protection could be through curcumin free-radical scaveng-
ing activity, particularly against O·−

2 radical, which would inhibit sulfhydryl (SH)
oxidation, leading to inhibition of reversible XD/XO conversion.99 Curcumin,
as a free-radical scavenger, might also inhibit proteases, which are known to be
activated by free radicals and this would eventually lead to inhibition of the irre-
versible proteolytic XD/XO conversion.100 Thus, the protective role of curcumin
could be related to inhibition of free-radical propagation with subsequent inhi-
bition of XD/XO conversion and resultant decreased production of O·−

2 through
its antioxidant and/or free-radical scavenging activity. This could be explained on
the basis of the low bioavailability of curcumin as well as heart disposition to
curcumin,101 and dual treatment (posttreatment and pretreatment) could result in
a concentration sufficient to elicit antioxidant activity.99

It is already known that lipids are the most susceptible macromolecules to ox-
idative stress83 and our results showed that the level of lipid peroxides, measured in
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terms of malonaldehyde (MDA), significantly increased due to ischemic insult.18

In this study, curcumin (pretreatment and posttreatment) was shown to signifi-
cantly reduce the lipid peroxides level by scavenging free radicals and inhibiting
the propagating chain reaction of lipid peroxides, and our finding was in conso-
nance with an earlier report.83 It was noticed earlier that the neutrophils, a major
source of free radicals, characteristically invaded the myocardial tissue during
ischemia.4 The observations of this study showing that curcumin pretreatment and
posttreatment reduced the myeloperoxidase (MPO) levels indicated that curcumin
suppressed neutrophil infiltration into the injured myocardium.

Reduced GSH, considered the most prevalent and important intracellular non-
protein thiol, had a crucial role as a free-radical scavenger and a decline in GSH
could reflect oxidative stress.102 In this study, GSH content was significantly re-
duced due to ischemic insult and this could be explained by the assimilation of
GSH by the rapidly generating free radicals. Nevertheless, a number of studies
reported that low myocardial GSH levels might not provide evidence for delete-
rious free-radical reactions during and following ischemia.103 This observation
could be explained on the basis of a Michael-type addition reaction of GSH
(as a nucleophile) in the chromophore region of curcumin (as an electrophile),
which would result in the depletion of cellular GSH defense.104 However, cur-
cumin antioxidant activity still imparted some degree of GSH salvation, as GSH
levels were shown to increase significantly in the pretreatment and posttreat-
ment groups.18 ISO administration resulted in an increase in the level of free
radicals, which, in turn, induced cellular damage, and this observation could be
substantiated by the low levels of free-radical scavenging enzymes such as cata-
lase, superoxide dismutase, glutathione peroxidase, and glutathione-S-transferase
(GST) that formed the first line of cellular defense against the oxidation injury.
The second line of defense consisting of ascorbic acid, �-tocopherol, and ceru-
loplasmin, which scavenged residual free radicals escaping decomposition, was
also found to be affected. Indeed, curcumin (pretreatment and post-treatment)
proved beneficial in restoring the levels of both enzymatic and nonenzymatic an-
tioxidants and this finding was in accordance with that of Jovanovic et al.,105

who showed regeneration of curcumin radicals by �-tocopherol and ascorbic
acid.

The antioxidant activity of curcumin could be attributed to the phenolic and
methoxy groups in conjunction with the 1,3-diketone-conjugated diene system, for
scavenging of the oxygen radicals.83 In addition, the curcumin primary metabolite
tetrahydrocurcumin, a major antioxidant with diketone moiety, exhibited antioxi-
dant activity by cleavage of the C–C bond at the active methylene carbon between
the two carbonyls.101 These antioxidant properties seemed to have a role in in-
hibiting O·−

2 generation directly or indirectly (via inhibiting XD/XO conversion).
However, the impact of this effect on the generation of other damaging species such
as hydroxyl radical (OH·) or peroxynitrite (ONOO·) is yet to be resolved. In addi-
tion to its inherent ability to attenuate the reactivity of oxygen free-radical species,
curcumin was shown in vivo to enhance the activities of detoxifying enzymes such
as GST.107
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Figure 3. Schematic showing multiple biological activities of turmeric/curcumin. (From

Ref. 106.)

7. CONCLUSIONS

In conclusion, curcumin exhibits a variety of beneficial effects and appears to have
a significant potential in the treatment of multiple diseases that are a result of
oxidative stress106 (Figure 3). These protective effects of curcumin are attributed
mainly to its antioxidant properties and should be further exploited to develop novel
drugs. In most of these disease states, a long-term treatment will be necessary. Thus,
oral administration of turmeric/curcumin with minimal acute or chronic toxicity
will be of great value in combating these chronic illnesses.
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PROTECTION FROM ACUTE AND CHRONIC
LUNG DISEASES BY CURCUMIN

Narayanan Venkatesan, Durairaj Punithavathi, and Mary Babu

Abstract: The aim of this review has been to describe the current state of the ther-
apeutic potential of curcumin in acute and chronic lung injuries. Occupational and
environmental exposures to mineral dusts, airborne pollutants, cigarette smoke,
chemotherapy, and radiotherapy injure the lungs, resulting in acute and chronic
inflammatory lung diseases. Despite major advances in treating lung diseases, until
now disease-modifying efficacy has not been demonstrated for any of the existing
drugs. Current medical therapy offers only marginal benefit; therefore, there is
an essential need to develop new drugs that might be of effective benefit in clin-
ical settings. Over the years, there has been increasing evidence that curcumin, a
phytochemical present in turmeric (Curcuma longa), has a wide spectrum of ther-
apeutic properties and a remarkable range of protective effects in various diseases.
Several experimental animal models have tested curcumin on lung fibrosis and
these studies demonstrate that curcumin attenuates lung injury and fibrosis caused
by radiation, chemotherapeutic drugs, and toxicants. The growing amount of data
from pharmacological and animal studies also supports the notion that curcumin
plays a protective role in chronic obstructive pulmonary disease, acute lung injury,
acute respiratory distress syndrome, and allergic asthma, its therapeutic action be-
ing on the prevention or modulation of inflammation and oxidative stress. These
findings give substance to the possibility of testing curcumin in patients with lung
diseases.

1. INTRODUCTION

The lungs are responsible for the vital process termed “gas exchange,” wherein
the tiny air sac-like structures, alveoli, take oxygen into the lungs and drive
out carbon dioxide. Thus, any substance that is breathed in affects the lungs,
and many of these substances can be dangerous and intimidate the lungs’ abil-
ity to function properly. Occupational and environmental exposures to mineral
dusts, airborne pollutants, cigarette smoke, pharmacologic therapy with anticancer
drugs, and radiotherapy injure the lungs in various fashions, resulting in acute
and chronic inflammatory lung diseases, including lung fibrosis, allergic asthma,
acute lung injury (ALI)/acute respiratory distress syndrome (ARDS), and chronic

379
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obstructive pulmonary disease (COPD)/emphysema. These types of lung disease
pose a significant health risk to humans and are associated with high morbidity and
mortality.

Although major advances exist in the field of treatment of lung diseases, the in-
cidence of acute and chronic inflammatory lung diseases continue to rise, causing
significant worries to the patients and clinicians alike. A variety of new medications
have appeared for the treatment of acute and chronic lung injuries and new research
on traditional therapies has been performed. However, until now disease-modifying
efficacy has not been demonstrated for any of the existing drugs. Preclinical and
clinical research shows that modern anti-inflammatory therapy is effective in that
it gradually reduces inflammatory response, but with significant toxic side effects,
which is no longer a sufficient end point for therapy. Therefore, there is an impera-
tive need to develop new drugs that have broad-based anti-inflammatory properties
plus a safety profile.

Over the past several years, there is a renewed interest in alternative inex-
pensive therapies without any apparent toxic effects. In this regard, curcumin,
a natural phytochemical present in turmeric (Curcuma longa), is noted for its
anti-inflammatory, antioxidant, chemopreventive, and chemotherapeutic proper-
ties. Curcumin has a wide spectrum of therapeutic properties and a remarkable
range of protective effects in various diseases; therefore, it is pertinent to state
what actions it does not have than to say what it does to various disease pro-
cesses. The therapeutic utility of curcumin has undergone a swift development
during the last decade and several biochemical, pharmacological, and clinical as-
pects have been previously reviewed.1,2 The present chapter is an endeavor to
update the rapidly expanding information on curcumin’s action relevant to the
various lung injuries. Becausee this chapter is concerned primarily with pul-
monary protection by curcumin, the reader is referred to earlier reviews for de-
tailed information on pulmonary fibrosis, COPD, ARDS, and allergic asthma.
However, a brief summary of salient clinical and biological information about var-
ious types of lung injury is presented to provide the reader with material that has
a bearing on the objective of treatment and the proper evaluation of therapeutic
results.

2. CURCUMIN THERAPY IN ANIMAL MODELS
AND CLINICAL DISEASE

The growing amount of data from pharmacological and animal studies sup-
ports the notion that curcumin plays a protective role not only in lung fibrosis
but also in COPD, ALI/ARDS, and allergic asthma, its therapeutic action be-
ing on the prevention or repression of the inflammatory response and oxidative
stress (Table 1). This section covers the diverse array of reported therapeutic ef-
fects of curcumin and its application in the treatment of acute and chronic lung
diseases.
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Table 1. In vivo effects of curcumin on various animal models of lung disease.

LUNG INJURY MODEL SPECIES/THERAPY OUTCOME (REF.)

Radiation-induced fibrosis Rats/oral treatment |� Lung hydroxyproline and lung structural

damage3

Paraquat-induced fibrosis Rat/oral treatment |� Mortality, BAL proteins, enzymes,

neutrophil accumulation, lung MPO

activity, and lipid peroxidation

�| Lung glutathione levels4

Cyclophos-phamide-

induced

fibrosis

Rat/oral treatment |� BAL biomarkers, influx of inflammatory

cells, lipid peroxidation

�| Lung antioxidant defense5

Bleomycin-induced

fibrosis

Rat/oral treatment Mortality, inflammatory cell influx, and

total lung hydroxyproline6,7

Amiodarone-induced

fibrosis

Rat/oral treatment |� Lung MPO, TGF-�1, hydroxyproline

type I collagen, and c-Jun protein8

Nicotine-induced injury Rat/oral treatment |� Biochemical marker enzymes and lipid

peroxidation in BAL

�| Antioxidant status9

Endotoxic shock Mouse/oral treatment |� Endotoxin-induced lung ICAM-1

expression10

Allergen-induced airway

hyper responsiveness

Guinea pigs/oral

treatment

|� Airway constriction and airway

hyperreactivity11

3. CURCUMIN INHIBITION OF DRUG/CHEMICAL-INDUCED
LUNG INJURY AND FIBROSIS

Several experimental animal models have tested curcumin on lung fibrosis and
these studies demonstrate that curcumin attenuates lung injury and fibrosis caused
by radiation, drugs and toxicants.

3.1. Pulmonary Fibrosis: Disease Mechanisms

Pulmonary fibrosis (PF) is a chronic inflammatory interstitial lung disease with
poor prognosis. Although various factors, including environmental, infectious,
immunologic, toxic, or pharmacologic, have been suggested as causes of the
disease,12 so far the etiology and pathogenesis have not been completely eluci-
dated. Drug-induced PF is one of the major health problems encountered in clinical
medicine. It is caused from the increasing use of anticancer drugs in chemother-
apeutic interventions. The list of drugs causing pulmonary injury13,14 is on the
rise and has been extensively reviewed. Diagnosis of lung fibrosis is usually based
on the clinical recognition of the characteristic signs that include shortness of
breath, evident diffuse pulmonary infiltrates, and varying degrees of inflamma-
tion and fibrosis. The clinical course generally progresses to death, secondary to
respiratory failure. Mean survival in patients has been estimated to be 3–6 years
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from onset of symptoms. Histologically, it is characterized by the accumulation
of inflammatory cells in the airways, fibroblast and myofibroblast proliferation in
lung parenchyma, and disproportionate extracellular matrix (ECM) deposition.15

Infiltration of multiple cell types such as activated macrophages, neutrophils, and
lymphocytes produce numerous soluble mediators, cytokines, chemokines, growth
factors, and reactive oxygen species (ROS) that are implicated in the development
of interstitial pulmonary fibrosis (IPF). These inflammatory mediators trigger the
proliferation of capillary endothelial cells, fibroblasts, and smooth muscle cells
that form the basis of the fibrotic scar (Figure 1).

Although inflammation has traditionally been considered the major factor of
lung fibrosis, recent evidence indicates that dysregulation of the ECM metabolism
plays a critical role in the pathogenesis of lung fibrosis, supporting studies on matrix
production and matrix deposition.16 In this regard, several antifibrotic compounds
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Figure 1. Mechanisms of pulmonary fibrosis. In response to various stimuli, activated

macrophages, neutrophils, and lymphocytes produce numerous soluble mediators, trigger-

ing the proliferation of capillary endothelial cells, fibroblasts, and smooth muscle cells that

promote matrix deposition, resulting in scarring and fibrosis.
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such as penicillamine, colchicines, pirfenidone, and interferon-� have been used
in the treatment of PF.17,18 Also, increasing evidence suggests that activation of the
coagulation cascade, with the resultant generation of coagulation proteases, plays
an important role in fibrotic lung disease that is associated with acute and chronic
lung injury.19 More recently, it has been proposed that bone-marrow-derived stem
cells might play a pivotal role in the fibroproliferative response as well as in ep-
ithelial regeneration.20 Current medical therapy (corticosteroids, azathioprine, cy-
clophosphamide) offers only marginal benefit; consequently, lung transplantation
is considered for patients with PF who do not respond to medical therapy.12,17,18

Given the poor response to on-hand anti-inflammatory therapy, other approaches
to therapy are being followed. Therefore, molecules that suppress epithelial in-
jury, proinflammatory cytokine action, and fibroblast proliferation and/or induce
fibroblast apoptosis might be of effective benefit in clinical settings.

3.2. Curcumin Protects Against Radiation-Induced Lung Injury

Initial evidence concerning the protective action of curcumin on lung injury was
given by Thresiamma and co-workers, who showed that if curcumin was admin-
istered orally to rats carrying radiation, the content of lung hydroxyproline was
greatly reduced.3 Their studies also indicated the inhibitory activity of curcumin
against paraquat and cyclophosphamide-induced lung injury in mice.21 Curcumin
had multiple inhibitory actions on these lung injury models, such as lowering lipid
peroxide formation and tissue cholesterol levels.

3.3. Curcumin Protects Against Cyclophosphamide-Induced Lung Injury

Using several in vivo animal models, we investigated the efficacy of curcumin in
suppressing the development of lung injury and fibrosis in rats. First, we inves-
tigated the potential of curcumin against cyclophosphamide-induced lung injury
in rats.5 Lung injury was induced in rats by an intraperitoneal injection of of
cyclophosphamide. Prior to cyclophosphamide injection, rats were orally treated
with curcumin daily for 7 days. At various time intervals, biochemical markers
in serum and lung lavage fluid were measured. The lavage cells and lung tissues
were examined for lipid peroxidation and glutathione content. Antioxidant enzyme
levels were analyzed in lung tissue. Biochemical analyses revealed increases in
lavage fluid protein biomarkers and lipid peroxide levels, whereas a reduction in
glutathione and ascorbic acid content was observed in cyclophosphamide-injected
rats. Interestingly, curcumin decreased leukocytes and inflammatory mediators
and increased lung antioxidant defenses in cyclophosphamide-injected rats. These
experiments demonstrated that anti-inflammatory and antioxidant activity serves
to spare the lung against damaging activities of cyclophosphamide.

3.4. Curcumin Protects Againt Paraquat-Induced Lung Injury

The interesting findings observed in curcumin-treated cyclophosphamide lungs
prompted us to question the effect of curcumin on chemical-induced lung injury
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and fibrosis. To test this project, we injected rats with paraquat,4 a broadly used
nonselective herbicide that causes harsh lung injury and fibrosis in humans and
animal models. As reported previously, the administration of paraquat had a marked
effect, provoking inflammation and oxidative stress, as judged by increases in lung
lavage fluid biomarkers and lipid peroxide formation accompanied by glutathione
depletion. Remarkably, curcumin treatment abrogated the inflammatory response
and inhibited the general toxicity and mortality that was induced by paraquat
injection. Thus, results from these experiments confirmed that curcumin is indeed
capable of protecting paraquat-induced lung injury.

3.5. Curcumin Protects Against Bleomycin-Induced Lung Fibrosis

Further experiments were performed to address the protection of curcumin in
bleomycin (BLM)-induced lung injury) in rats.6,7 First, to analyze the protec-
tive effect of curcumin on lung structure alterations in disease, we examined the
histopathological changes associated with experimental fibrosis. We observed sig-
nificant structural changes in fibrotic lungs (Figures 2C and 2E) compared with
normal lungs (Figures 2A and 2B). In BLM controls, these changes included influx
of inflammatory cells, particularly neutrophils, macrophages, and granulocytes, in
the alveolar space and interstitium at 7 days after BLM instillation, as evaluated
by hematoxylin–eosin staining (Figure 2C). Consistent with its protective effect,
curcumin treatment to bleomycin rats showed a significant reduction in inflamma-
tion and presented little structural damage (Figures 2D and 2F). These findings
indicated that curcumin is capable of preserving the lung architecture and or-
gan dysfunction in fibrotic disease. Next, we evaluated the effect of curcumin on
BLM-induced increases in inflammatory biomarkers. BLM administration caused
increased leukocyte influx, biomarkers, and malondialdehyde and a reduction in
glutathione content. Stimulated tumor necrosis factor (TNF)-�, superoxide anion,
hydrogen peroxide, and nitric oxide release by alveolar macrophages from BLM
rats were higher. Curcumin significantly suppressed leukocyte influx (Figure 3),
reduced lavage fluid biomarkers and restored the antioxidant status in BLM rats.
Also, curcumin treatment resulted in attenuation of BLM-induced macrophage
release of TNF-�, superoxide anion, hydrogen peroxide, and nitric oxide. These
results indicated that curcumin reduces the development of BLM-induced inflam-
matory and oxidant activity. Furthermore, experiments were conducted to evaluate
the ability of curcumin to inhibit BLM-induced pulmonary fibrosis in rats. BLM-
injected rats had a significant increase in the amounts of �-smooth muscle actin
(�-SMA; an indicator of lung myofibroblast content) and lung hydroxyproline
(an indicator of collagen deposition) content. Oral administration of curcumin
(300 mg/kg, 10 days before and daily thereafter throughout the experimental time
period) suppressed BLM-induced increases in lung �-SMA (Figure 4) and hy-
droxyproline (Figure 5). These results suggested that curcumin acts as a potent
anti agent against BLM-induced pulmonary fibrosis in rats.
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Figure 2. Effect of curcumin on BLM-induced inflammation and fibrosis in rats: (A) saline-

treated lung; (B) curcumin-treated lung; (C) day 7 BLM-treated lung; (D) day 7 curcumin

+ BLM-treated lung; (E) day 28 BLM-treated lung; (F) day 28 curcumin + BLM-treated

lung. Curcumin significantly attenuated BLM-induced accumulation of inflammatory cells

and fibrotic changes in rat lungs.

3.6. Curcumin Protects Against Amiodarone-Induced Lung Fibrosis

Buoyed by the above observations, we attempted to investigate the antifibrotic
effect of curcumin in the amiodarone (AMD), an antiarrhythmic drug, model
of lung injury and fibrosis in rats.8 As described earlier, obvious instances of
protective responses against inflammation were seen in amiodarone-instilled rats
treated with curcumin. For the AMD fibrosis model, we focused in particular
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Figure 3. Protective effect of curcumin on BLM-induced changes in total cell counts in

the BAL fluid of rats. BLM caused a significant increase in the total cell count in the BAL

fluid, whereas curcumin treatment prevented these effects. SAL: saline; CUR: curcumin;

BLM: bleomycin. ∗Significantly (p < 0.001) higher than all groups; †,§significantly (p <

0.01, p < 0.005, respectively) lower than in BLM-injected rats.

on two molecules: transforming growth factor (TGF)-�1, which controls ECM
deposition in the fibrotic lungs, and c-Jun, a nuclear transcription factor involved
in inflammatory and fibroproliferative processes. These two molecules constitute
essential links between the inflammatory and fibroproliferative manifestations of
lung injury,22 and both are known to precipitate fibrotic tissue remodeling, which
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Figure 4. Effect of curcumin on BLM-induced changes in �-SMA expression in rat lung.

Data are mean ± SD of six rats in each group. ∗∗Significantly (p < 0.001) higher than

all groups; ∗significantly (p < 0.005) lower than BLM-injected rats. SAL: saline; CUR:

curcumin; BLM: bleomycin.
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Figure 5. Dose-dependent protective effects of curcumin on BLM-induced changes in

lung hydroxyproline content. Data are mean ± SD of six rats in each group. ∗Significantly

(p < 0.001) higher than all groups; †,‡,§significantly (p < 0.01, p < 0.005, p < 0.0001, re-

spectively) lower than inBLM-injected rats. SAL: saline; CUR: curcumin; BLM: bleomycin.

CUR (100)–CUR (300): fibrotic rats treated with 100–300 mg/kg curcumin.

showed significant increases in the fibrotic lungs. In these instances, clear evidence
of curcumin inhibition of TGF-�1 expression and c-Jun protein was observed
in amiodarone rats. Results of this study suggested that treatment of rats with
curcumin was able to provide a significant protection against AMD-induced lung
injury and fibrosis. These findings were largely on par with the extent of protection
offered by curcumin in BLM-induced inflammation and fibrosis.

3.7. Proapoptotic Effect of Curcumin on Scleroderma Lung Fibroblast

Scleroderma, also known as systemic sclerosis (SSc), is a multisystem disease char-
acterized by pathological remodeling of connective tissues. Fibrosis in the skin and
internal organs is a key feature of scleroderma.23 A distinctive characteristic of
fibroblasts explanted from lesional SSc tissues is the retention of an abnormal
phenotype, characterized by enhanced ECM synthesis and the expression of the
myofibroblast marker, �-SMA, during serial passage in vitro. Unfortunately, de-
spite the major burden of fibrosis in scleroderma, there are no agents that have yet
been shown to have an antifibrotic effect in this disease. The discovery by Tourkina
and colleagues24 that curcumin caused apoptosis in scleroderma lung fibroblasts
(SLFs), but not in normal lung fibroblasts (NLFs), and that a signaling pathway
involving protein kinase CPKCε and phase 2 detoxification enzymes offered pro-
tection against curcumin-induced apoptosis in NLFs and is defective in SLFs is a
stimulating and fascinating development. It increases our conception of the overall
protective effect of curcumin in tissue fibrosis in a significant manner.

In this regard, it is of great interest that curcumin did not induce apoptosis
of NLFs, but it does in SLFs. Importantly, PKCε-overexpressing SLFs show
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suppressive activity toward apoptosis, whereas loss of function studies in NLFs
makes it sensitive to apoptosis, which suggests that expression of PKCε is linked to
suppressor functions. In this study, they provide direct evidence that PKCε signal-
ing, which is highly expressed in NLFs but is deficient in SLFs, is required to resist
apoptosis. Both NLFs and SLFs differ in the subcellular distribution of PKCε, and,
interestingly, fibrotic lung tissue had reduced expression of PKCε. Taken together,
these data strongly support the idea that curcumin might uniquely cause apoptosis
of SLF cells. They also found that levels of the phase 2 detoxification enzymes
heme oxygenase-1 (HO-1) and glutathione S-transferase P1 (GST P1) varied in
NLF and SLF cells. In curcumin-treated SLF cells, in contrast to NLF cells, the
levels of these phase 2 detoxification enzymes have been found to be decreased.

In essence, experimental studies clearly demonstrate that curcumin prevents
lung fibrosis in various animal models by blocking leukocytes influx, by inhibiting
the activation of inflammatory cells and subsequent release of proinflammatory and
toxic mediators, and by attenuating excess accumulation of extracellular matrix
proteins.

4. CURCUMIN INHIBITION OF ACUTE AND CHRONIC
INFLAMMATORY LUNG INJURIES

Spurred by the encouraging findings in experimental fibrosis, several laboratories
have recently begun to dissect the pulmonary protective effect of curcumin in
other lung diseases. These studies complement the earlier findings, which reveal
that curcumin not only provides protection against pulmonary fibrosis but also
inhibits nicotine lung injury, endotoxin acute lung injury, and allergic asthma.
Here, we will review the results of experimental and clinical studies evaluating the
efficacy of curcumin in these lung diseases.

4.1. Curcumin Inhibition of Chronic Obstructive Lung Disease

In this section we have extracted the data from both in vitro and in vivo studies,
which illustrate the effectiveness of curcumin in attenuating cigarette smoke- and
nicotine-induced lung injuries.

4.1.1. Chronic Obstructive Lung Disease: Disease Mechanisms

Cigarette smoking (CS) is associated with inflammatory diseases of the lung, es-
pecially COPD, including increased airway reactivity, exacerbations of asthma,
and an increased frequency of pulmonary infections.25 COPD is currently the
fourth killer disease in the United States, affecting over 18 million Americans,
which also intimidates a worldwide epidemic. Although COPD occurs primarily
in cigarette smokers, the precise relationship between cigarette smoking and COPD
is multifarious because only 10–15% of active smokers develop clinical COPD.26

Clinical and pathological characteristics of COPD have been reviewed in detail
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Figure 6. Pathogenesis of COPD. Following exposure to cigarette smoke (and other irri-

tants), alveolar macrophages and epithelial cells in the respiratory tract are activated, releas-

ing neutrophil chemotactic factors, including interleukin-8 and leukotriene B4 (LTB4). Also,

these activated cells along with neutrophils release matrix-degrading proteases, resulting in

the destruction of lung parenchyma and emphysema.

previously.27 Generally, COPD is characterized by a massive infiltration of in-
flammatory cells, particularly neutrophils, macrophages, and T-lymphocytes, and
increased production and release of cytokines, oxidants, and proteases in the lung.
Numerous studies have reported increases in total cell recovery, macrophages, neu-
trophils, lymphocytes (often CD8+), and eosinophils in BAL fluids and/or lung
biopsies from patients with COPD.28,29

A considerable number of studies suggest that chronic exposure to cigarette
smoke results in the vast infiltration of inflammatory cells in the lung, and these
cells release exaggerated amounts of elastolytic proteinases, destroying lung ECM
components (Figure 6). Unsuccessful repair of alveoli and ECM macromolecules
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causes permanent enlargement of peripheral airspaces and loss of lung function.27

CS has been reported to induce emphysema or emphysematous, inflammatory,
and metaplasic changes in the lungs of experimental animals.30 Cigarette smok-
ing causes an increase in oxidative stress in the lower respiratory tract, either
directly from its oxidative components,or indirectly from free radicals released
from activated alveolar inflammatory cells.31 Numerous studies of COPD patients
have shown a decrease in lung and plasma levels of antioxidants, indicating a
systemic oxidative stress, but inconsistent results have been attained by adminis-
tering exogenous antioxidants, particularly vitamins such as vitamin E, to patients
with COPD.32 Although cigarette smoke contains a huge number of compounds,
oxidants and free radicals, nicotine is the chief toxic constituent that has been
implicated in the development of cardiorespiratory injuries, vascular disease, and
lung cancer. It has been reported that nicotine triggers an inflammatory response in
the airway epithelium leading to the generation of proinflammatory cytokines and
chemokines, which injures lung epithelium, thereby resulting in increased perme-
ability, and recruitment of neutrophils and macrophages to the airways. Currently,
there is a need for new agents that will be more effective than the current therapeutic
options for patients with COPD.33

Given the importance of oxidative stress in the pathogenesis of COPD, one
rational approach would be therapeutic interventions targeted against oxidative
processes to eventually relieve the burden of oxidative stress in COPD. Also,
compounds that increase glutathione (GSH) homeostasis might have therapeutic
potential in protecting the lung from increased oxidant burden.31

4.1.2. Curcumin Protects Against Nicotine-Induced Lung Injury

To explore the therapeutic importance of curcumin in smoking-related lung in-
jury, Kalpana and colleagues treated rats with nicotine, a component of cigarette
smoke primarily responsible for the toxic effects. In their studies, they provided
preliminary evidence that indicates that curcumin exerts a protective effect against
nicotine-injured rat lungs.9,34 As reported in their studies, lung tissue from nicotine-
treated rats exhibited increased levels of lipid peroxides coupled with a decrease
in both enzymatic and nonenzymatic antioxidants. Additionally, nicotine-injected
rats had higher amounts of protein biomarkers in bronchoalveolar lavage fluid.
Interestingly, curcumin reduced the levels of nicotine-induced oxidant burden,
restored the antioxidant levels and modulated the biomarkers in the lung lavage
fluid.

Consistent with the results of the above study, data from our laboratory also indi-
cate that curcumin offered protection against nicotine-induced lung toxicity in rats.
Results from our findings show that oral administration of curcumin (200 mg/kg
body weight, 1 week before nicotine injection and daily thereafter for 3 weeks fol-
lowing nicotine injection) attenuated nicotine-induced neutrophil infiltration and
activation, as judged by BALF cellularity (Figure 7A) and myeloperoxidase activ-
ity (Figure 7B). When all of the effects of curcumin on the various biochemical pa-
rameters in nicotine-induced lung toxicity are examined, one does see some novel
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Figure 7. Protective effects of curcumin on nicotine-induced changes in neutrophil cell

count and myeloperoxidase activity in BAL fluid. Nicotine injection resulted in a significant

increase in neutrophil cell numbers accompanied by increased myeloperoxidase activity,

whereas curcumin treatment prevented these effects. Values are mean ± SD of six rats in

each group. ∗∗Significantly (p < 0.001) higher than all groups; ∗significantly (p < 0.01)

lower than nicotine groups. CON: control; CUR: curcumin; NIC: nicotine.

findings. However, what is (are) the in vivo mechanism(s) of action of curcumin
in this system? Further studies are in progress in our lab to explore mechanistic
insights underlying curcumin’s protection in this system. Perhaps one of the most
relevant studies to appear regarding the molecular mechanisms whereby curcumin
inhibit the deleterious effects of cigarette smoke was that described by Shishodia
et al.35 These authors investigated cigarette smoke-induced alterations in nuclear
factor (NF)-�B, a nuclear transcription factor implicated in chemical carcinogen-
esis, tumorigenesis, and the regulation of proinflammatory gene expression. The
authors discovered the ability of curcumin to inhibit CS-induced NF-�B activation
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in the human lung epithelial cell lines. These investigators reported that exposure
of human lung epithelial cells to cigarette smoke caused relentless activation of
NF-�B, and pretreatment with curcumin eliminated the CS-induced DNA binding
of NF-�B, I�B� kinase activation, I�B� phosphorylation and degradation, p65 nu-
clear translocation, and CS-induced NF-�B-dependent reporter gene expression.
Also, these authors showed that curcumin inhibition of NF-�B activation correlated
with suppression of CS-induced NF-�B-dependent cyclin D1, cyclooxygenase-2,
and matrix metalloproteinase-9 expression.

Collectively, these findings raise the possibility that dietary curcumin could
modulate the development of smoking-related lung diseases. It will be worth-
while to study the effects of curcumin in animal models of emphysema/COPD to
determine whether curcumin treatment could attenuate cigarette smoke-induced
changes in lung function, morphology, and upregulation of gene expression of
various proinflammatory mediators and activation of specific signaling cascades.

4.2. Curcumin Inhibition of Acute Lung Injury/Acute Respiratory
Distress Syndrome

4.2.1. Acute Respiratory Distress Syndrome/Acute Lung Injury:
Disease Mechanisms

The acute respiratory distress syndrome (ARDS), a clinical syndrome of non-
cardiogenic pulmonary edema, occurs due to sepsis, trauma, and aspiration and is
associated with pulmonary infiltrates, stiff lungs, and severe hypoxemia, eventually
resulting in respiratory failure. Numerous studies have improved our understand-
ing of ARDS,36–38 which is now documented as an acute lung injury as well as the
pulmonary sign of a systemic disorder called the multiple organ dysfunction syn-
drome (MODS), the leading cause of morbidity and mortality in surgical intensive
care units. Despite intense efforts to alleviate the development of ALI/ARDS, cur-
rently there is no successful treatment39 and the mortality remains disappointingly
high at 40–60%. Furthermore, although mechanical ventilation has been shown to
have a bearing on mortality, ventilator-induced lung injury remains a significant
problem because it has been shown to initiate or exacerbate the inflammatory re-
sponse in the lung.40 Several experimental models such as the administration of
lipopolysaccharide (LPS), live bacteria, or zymosan-activated plasma to the ani-
mals and cecal ligation and puncture41 are used to study the pathogenesis of sepsis
or endotoxin shock. Although these models vary in clinical and pathological fea-
tures, they all present a severe multiorgan failure, including acute lung injury.38 The
molecular mechanism of ARDS has been extensively studied and was reviewed
recently.36–38 In brief, inflammation plays a pivotal role in ARDS and studies have
implicated several proinflammatory mediators, together with endotoxin-activated
complement and cytokines in the pathogenesis of this disease. These mediators
account for local effects at the site of inflammation (i.e., vasodilatation, increased
vascular permeability, and migration of leukocytes into the affected area), for in-
terstitial and alveolar accumulation of denatured protein and fluid, and for reduced
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levels of surfactant and surfactant proteins. Increased numbers of intravascular
and extravascular polymorpho nuclear leukocytes (PMNs), platelets, and fibrin, to-
gether with endothelial and epithelial injury have been reported in lungs of patients
dying of ALI secondary to sepsis.36 Although multiple therapeutic interventions
have been considered so far, none has shown promising effects on the survival
of patients dying of ARDS. Unfortunately, clinical trials using corticosteroids,
prostaglandins, nitric oxide, prostacyclin, surfactant, lisofylline, ketoconazole, N -
acetylcysteine, and fish oil have been incapable of showing statistically significant
improvement in patient mortality39 Clinical and experimental studies have shown
that oxidative stress leading to increased production of ROS might play a role in the
pathological defects observed in ALI.42,43 Consequently, numerous reports have
shown a decrease in the levels of antioxidant status both in experimental models
and patients with ALI.43 These findings indicate that strategies aimed at limiting
inflammation and increased oxidant production could be effective in both treating
ARDS and examining the mechanisms that lead to its development (Figure 8).

4.2.2. Curcumin Protects Against Endotoxin-Induced Acute Lung Injury

Given that curcumin treatment attenuates both inflammation and oxidant burden
in various lung injuries, it is sensible to hypothesize that curcumin treatment might
also alter the course of disease development in experimental models of ALI. In-
deed, there is some evidence in the literature to support the plausibility of this
hypothesis. In a recent study of the possible therapeutic value of curcumin for the
treatment of sepsis and systemic inflammatory response syndrome, Madan and
Ghosh found that curcumin offered protection in high-dose endotoxin shock by
improving survival and reducing the severity of endotoxin shock symptoms such as
lethargy, diarrhea, and watery eyes following endotoxin challenge.10 The authors
reported that curcumin inhibited the transmigration and infiltration of neutrophils
from blood vessels to the liver tissue and also suppressed the induced expression of
ICAM-1 and VCAM-1 in the liver and lungs. Although these authors have studied
the protective effects of curcumin in the context of liver injury, their data also
indicated that curcumin treatment effectively inhibited the expression of ICAM-
1 in lung tissues. Thus, curcumin inhibition of ICAM-1 expression could play
a protective role in the epithelial–endothelial integrity by modulating the inter-
actions between these surface molecules and thereby blocking the adhesion of
neutrophils to the endothelial cell monolayers in vivo. In this regard, antibodies to
ICAM-1, an important ligand for the �2 integrin family of leukocyte membrane
glycoproteins, have been shown to inhibit both neutrophil sequestration and lung
injury induced by complement activation.44 In line with the above studies, we
envisaged that endotoxin-induced ALI would be protected by curcumin. Consis-
tent with this expectation, the data we have presented here indicate that curcumin
might also protect endotoxin-induced lung injury in mice. Curcumin’s protec-
tion against endotoxin lung injury was reflected in a reduction of the increase in
lung wet weight/dry weight ratio (Figure 9A), indicating that curcumin inhibited
endotoxin-induced lung edema. Also, our data demonstrate that curcumin is fully
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Figure 8. A schematic representation of cellular mechanisms involved in ALI. A variety

of direct (aspiration, lung infection) and indirect (sepsis, trauma, multiple transfusions,

endotoxin shock) stimuli cause an acute inflammatory response, followed by influx of

neutrophils, resulting in injury to epithelial and endothelial cells. Subsequent necrosis of

type I epithelial cells causes damage to epithelial barrier function of the lung leading to

flooding of the air spaces with protein-rich edema fluid, resulting in diffuse alveolar damage.

capable of restricting the increase in neutrophil influx into the alveolar spaces and
inhibiting increased BAL MPO activity (Figure 9B).

4.2.3. Proapoptotic Effect of Curcumin on Human Neutrophils

ALI/ARDS is characterized by a neutrophilic inflammation and considerable data
implicate neutrophils as primary mediators of disease induction. Also, delayed
apoptosis of neutrophils is associated with lung injury and organ failure under
these conditions. Thus, agents that are able to block recruitment and activation
of neutrophils and/or to promote apoptosis might provide protection against this
disease. Hu et al. hypothesized that curcumin would exert a proapoptotic effect
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Figure 9. Protective effects of curcumin on endotoxin-induced changes in lung weight (A)

and neutrophil cell count and myeloperoxidase activity (B) in mice. Endotoxin injection

caused significant increases in the lung wet weight/dry weight ratio, increased neutrophil in-

flux, and myeloperoxidase activity in BAL fluid, whereas curcumin treatment signficantly

prevented these effects. Values are mean ± SD of six rats in each group. ∗Significantly

(p < 0.001) lower than LPS groups. CON: control; CUR: curcumin; LPS: lipopolysac-

charide, BAL: bronchoalveolar lavage; MPO: myeloperoxidase, PMN: polymorphonuclear

leukocyte.

on neutrophils.45 These authors investigated both spontaneous neutrophil apop-
tosis and apoptosis of neutrophils following transmigration across a human lung
endothelium–epithelium bilayer by morphology and terminal dUTP nucleotide
end-labeling analyses, respectively. In addition, myeloperoxidase activity and mi-
gration assays were carried out to determine the effect of curcumin on neutrophil
function. To determine the mechanism by which curcumin acts, they studied the
p38 mitogen-activated protein kinase pathway and caspase-3 activity. Their data in-
dicate that curcumin increased constitutive neutrophil apoptosis and attenuated the
transbilayer migration-induced delay in neutrophil apoptosis. Curcumin decreased
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neutrophil activation, as judged by a reduction in migration and myeloperoxidase
release. Curcumin induced increases in p38 phosphorylation and caspase-3 activity,
contributing to the proapoptotic effect of human neutrophil apoptosis by curcumin.
These findings indicate that curcumin might be used as a potential agent to treat
neutrophil-induced lung injury and sepsis.

4.2.4. Curcumin Protects Against Cytokine Production
in Chronic Inflammation

Certainly, the most compelling data for the protective effect of curcumin in chronic
inflammation comes from clinical studies of Literat et al.46 These investigators
demonstrated that curcumin inhibited the LPS-induced increased production of
proinflammatory cytokines such as TNF-�, interleukin (IL)-1�, and IL-8 by the
lung inflammatory cells isolated from preterm newborns at risk for development
of chronic lung disease. Their findings also showed that curcumin inhibited the
expression of IL-8 by adult peripheral blood mononuclear cells. Collectively, these
data show that curcumin has the potential to be used as an alternative therapeutic
agent in inflammatory lung diseases.

Future studies should address whether curcumin is capable of altering lung
cellular function leading to decreased production of inflammatory mediators and
inhibition of lung injury in experimental models of ALI/ARDS. Also, these studies
should investigate whether there is an association between curcumin treatment and
inhibition of lung function abnormalities.

4.3. Curcumin Inhibition of Allergic Asthma

4.3.1. Asthma: Disease Mechanisms

Allergic inflammatory diseases such as bronchial asthma is a chronic inflammatory
disease of the airways characterized by airway eosinophilia, goblet cell hyperpla-
sia with mucus hypersecretion and hyperresponsiveness to inhaled allergens and
to nonspecific stimuli. Clinical features of asthma include intermittent wheezing,
dyspnea, cough, and chest tightness. The effector mechanisms in this disease pro-
cess are less well understood; however, a number of inflammatory and structural
cell types, including eosinophils, macrophages, T-lymphocytes, mast cells, epithe-
lial cells, fibroblasts, and smooth muscle cells, have been implicated (Figure 10).
Excellent detailed reviews concerning the cellular and molecular pathways leading
to allergic asthma has been published previously.47,48 Eosinophil recruitment and
activation in bronchial tissues play a major role in the pathogenesis of bronchial
asthma. Numerous studies have shown that eosinophils are able of producing in-
flammatory mediators, releasing cytotoxic granule constituents, and generating
toxic free radicals that might be involved in promoting inflammatory injury in
asthma. In this regard, eosinophils have been identified as a key source of trans-
forming growth factor (TGF)-�1, a profibrotic cytokine involved in fibrosis.49,50

It has been also documented that the cytokine IL-5 plays indispensable roles in
controlling eosinophil function by regulating the trafficking of eosinophils from



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal January 19, 2007 15:9

PROTECTION FROM ACUTE AND CHRONIC LUNG DISEASES 397

 

TH2
cell

Mast cell 
activation 

Macrophage/dendritic cell  
activation 

TH2 cytokines 

IL-5 IL-4, IL-9, IL-13 

Eosinophil 
activation  

Epithelial cell 
activation

VEGF  

Histamine, Proteases  
Cytokines 

Chemokines  
Major basic protein 
Eosinophil cationic 

proteins  
Leukotrienes

Leukocyte influx 
Angiogenesis 

Plasma leakage 
Myocyte hyperplasia 

Matrix deposition 
Airway hyper-
responsiveness 

Goblet cell 
hyperplasia 

Mucosal edema 

Allergens/viruses/inflammatory stimuli 

Figure 10. A schematic diagram depicting the mechanisms by which TH2 cells, mast cells,

and eosinophils contribute to major pathophysiology of asthma.

bone marrow to the lung. In most eosinophilic disorders, IL-5 contributes
to eosinophil proliferation, differentiation, activation, and tissue survival of
eosinophils. Indeed, a contribution of IL-5 to the pathological airway has been
shown in experimental models of asthma.51–53 Interestingly, IL-4 has also been
implicated in tissue eosinophilia, as it promotes IL-5 production and homing of
eosinophils within the tissues. Therefore, antagonizing the effect of these cytokines
has been considered a potential new treatment strategy in asthma.54–57

4.3.2. Curcumin Inhibition of Cytokine Production by Lymphocytes
From Bronchial Asthmatics

Along this line, Kobayashi and colleagues have shown in vitro evidence that
curcumin inhibited Dermatophagoides farinea-induced cytokine and chemokine
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production by lymphocytes from bronchial asthmatics.58 These investigators pro-
vide data indicating that curcumin dose-dependently inhibited IL-5, GM-CSF, and
IL-4 production. Overall, their findings suggest that curcumin may have thera-
peutic potential in controlling allergic diseases by disrupting the production of
cytokines that affect eosinophil function and IgE synthesis.

4.3.3. Curcumin Inhibition Of Allergen-induced Asthma

Evidence pointing to the anti-allergic/anti-asthmatic effect of curcumin comes
from the studies of Ram et al., (2003) in a guinea pig model of airway
hyperresponsiveness.11 The authors sensitized guinea pigs with ovalbumin (OVA)
that manifests particular characteristics of asthma such as allergen induced air-
way constriction and airway hyperreactivity to histamine. In this study, in order
to assess the preventive effect of curcumin, guinea pigs were treated with cur-
cumin during sensizitation and then airway constriction and airway hyperreac-
tivity were determined by measuring specific airway conductance using a non-
invasive technique, constant-volume body plethysmography. Their data indicated
that curcumin treatment significantly inhibited OVA-induced airway constriction
and airway hyperreactivity. Another set of their data indicates that curcumin was
also effective in reversing the allergen-impaired airway constriction and hyper-
reactivity. These results indicate that curcumin exerted both preventive as well
as therapeutic efficacy in recovering the impaired airways features in the OVA-
sensitized guinea pigs. An apparent question inspired by the findings of Ram
et al., (2003) relate to the biochemical and molecular mechanisms that underlie
the antiasthmatic effect of curcumin in this experimental model.11 However, their
interesting findings add further support to the notion that curcumin could be a
potential treatment for allergic disorders. This study has implications for both
curcumin-related response to allergic disease and influence of curcumin on im-
provement of disease indicators and lung function in an experimental model of
asthma.

5. MECHANISMS OF CURCUMIN PROTECTION

Curcumin has been shown for years to possess anti-inflammatory and antioxi-
dant activities,1,2 and the demonstration that curcumin protects against various
lung diseases by participating in multiple steps of disease progression has con-
siderable clinical applications (Tables 2 and 3, Figure 11).59–64 It seems highly
likely that the anti-inflammatory activity of curcumin results from inhibiting en-
zymes like cyclooxygenase-2, 5-lipoxygenase, and nitric oxide synthase. It also
affects arachidonic acid metabolism and prostaglandin production. Numerous in
vitro and in vivo studies have reported that curcumin blocks the activation of
proinflammatory transcription factors like NF-�B and c-Jun/AP-1. Also, curcumin
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Table 2. Molecular and cellular effects of curcumin on various cultured cells.

CELLS SPECIES MECHANISM (REF.)

Peripheral neutrophils Human �| Constitutive neutrophil apoptosis, p38 MAPK

phosphorylation and caspase-3 activity

|� Transbilayer migration-induced delay in neutrophil

apoptosis, myeloperoxidase release45

Alveolar epithelial cells Human |� H2O2- and TNF-�-mediated NF-�B and AP-1

activation and IL-8 release

�| GSH levels and glutamylcysteine ligase mRNA

expression65

Airway smooth muscle

cells

Human |� IL-1�-induced eotaxin and MCP-1 protein

expression and IL-17-induced IL-8 production66,67

Alveolar macrophages Rat |� LPS and PMA-induced TNF-�, superoxide

anion, nitric oxide, hydrogen peroxide production

in bleomycin and amiodarone-injured rat lungs6–8

Embryonic lung

fibroblasts

Human |� Silica-induced increases in cyclin

D1 and CDK4 expression68

Scleroderma lung

fibroblast

Human �| Apoptosis24

Lung fibroblasts Chinese Hamster |� N -Methyl-N ′-nitro-N -nitrosoguanidine

(MNNG)-induced DNA damage69

Lymphocytes from

atopic asthmatics

Human |� House dust mites-induced lymphocyte

proliferation, IL-2, IL-5, GM-CSF and IL-4

production58

Lung epithelial cells Human

Human

|� Silicon carbide-mediated activation and

translocation of NF-�B70

|� Quartz and titanium dioxide-induced

IL-8 production71

Table 3. Actions and primary mechanisms underlying pulmonary protection of curcumin.

MECHANISMS ACTION

Anti-inflammation COX-2, 5-LOX, and iNOS inhibition

Suppression of prostaglandin production

Inhibition of cytokine and chemokine expression

Induction of heme oxygenase-1

Signal transduction and

transcription factors

NF-�B and AP-1 inhibition (reduced nuclear translocation)

p38 MAPK inhibition

Inhibition of EGR-1 expression

Inhibition of JNK1/2 phosphorylation

Antioxidant Scavenging of reactive oxygen/nitrogen species

Inhibition of oxidation of biomolecules

Removal of hydrogen and lipid peroxides

Increases GSH levels by upregulating glutamylcysteinyl ligase

mRNA

Antifibrotic Inhibition of ECM proteins production and �-SMA expression
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Figure 11. A schematic illustrating the protective effects of curcumin on lung inflammatory

and structural cells. ROS: reactive oxygen species, RNS: reactive nitrogen species, ICAM-1:

intercellular adhesion molecule-1, �-SMA: �-smooth muscle actin.

was shown to inhibit proinflammatory cytokines and chemokines production by
blood monocytes and lung inflammatory cells and also to modulate the expres-
sion of adhesion molecules. Additionally, curcumin has the potential to induce
heme oxygenase-1, an enzyme that has anti-inflammatory properties. It has been
widely reported that neutrophil–endothelial interactions are a prerequisite for the
progression of inflammatory response. Accordingly, curcumin inhibition of ad-
hesion molecule expression might prevent inflammation by blocking infiltration
of inflammatory cells into the respiratory tract and prove to be beneficial against
lung injuries. The mechanism by which curcumin also protects lung appears to
be attenuation of the increased oxidant burden in these lung injuries. A role for
oxidative stress as important mediators of pathological events in acute and chronic
lung diseases has been shown in numerous reports. Evidence available to date
indicates the role of curcumin in protecting alveolar macrophages, epithelial cells,
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and endothelial cells against cytokine and toxic free radicals. Whatever the source
of underlying toxicity in both in vitro and in vivo findings illustrate curcumin as a
scavenger of oxygen radical and hydroxyl radical. Importantly, curcumin augments
GSH (the most abundant intracellular antioxidant molecule) content in alveolar
epithelial cells by upregulation of glutamylcysteine ligase.65 Thus, curcumin in-
hibition of increased oxidative stress might modulate the inflammatory response,
increase the cellular antioxidant capacity, and influence ECM remodeling in lung
diseases.

6. CONCLUSION

In summary, substantial amounts of evidence provide adequate reasons to suggest
that, in all probability, curcumin can be considered an alternative nonsteroidal
anti-inflammatory drug for inflammatory lung diseases. Studies on experimental
animal models clearly demonstrate that curcumin largely prevented the pulmonary
dysfunction and attenuated organ damage. Moreover, these findings suggest that
it is feasible to develop a curcumin-based therapeutic strategy for human lung
diseases, particularly pulmonary fibrosis, through the application of the knowledge
acquired from the animal studies using curcumin. Further, the potential use of
curcumin in experimental models of other lung diseases such as COPD, ALI, and
asthma is obvious. Interestingly, there are certain attributes common to these lung
injuries, namely inflammation, oxidative stress, and tissue remodeling, which are
important therapeutic targets for curcumin-mediated pulmonary protection. An
added advantage of curcumin is that it is nontoxic and a natural product with
an excellent safety profile. Unfortunately, curcumin has not yet been tested in
human lung diseases. However, in order to make concrete recommendations for
the evaluation of curcumin in patients with lung diseases, not only will more studies
be warranted to test curcumin at various stages of disease progression, but also
its mechanism(s) leading to significant protection still remains to be elucidated.
Finally, as our knowledge of curcumin’s mechanisms expands, a combination of
other treatment approaches could be applied to increase curcumin’s efficacy in
human lung injuries.
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NEPHROPROTECTIVE AND
HEPATOPROTECTIVE EFFECTS OF

CURCUMINOIDS

Toshihiko Osawa

Abstract: Curcumin (U1) has a wide spectrum of therapeutic effects such as anti-
tumor and anti-inflammatory effects, including antibacterial, antiviral, antifungal,
and antispasmodic activities. By comparison of the structure–activity relationship,
tetrahydrocurcumin (THU1), one of the major metabolites, showed the highest
antioxidative activity in both in vitro and in vivo systems.

U1 has been reported to have the nephroprotective effect to improve creati-
nine and urea clearance and also protected the chronic renal allograft nephropa-
thy. These beneficial effects have been explained by the protection of oxida-
tive stress and the induction of antioxidative enzymes. The protective effect of
THU1 against ferric nitrilotriacetate (Fe-NTA)-induced oxidative renal damage
using male ddY mice was greater than that of U1, by monitoring not only rad-
ical scavenging activity measured by ESR, and TBARS, 4-HNE-modified pro-
tein and 8-OHdG formation but also induction of anioxidative enzymes and
detoxification enzymes. THU1 was also expected to improve redox regulation
through glutathione and suppress the oxidative stress in diabetic nephropathy and
neuropathy.

Earlier studies reported that U1 reduced the iron-induced hepatic damage,
aflatoxin- and benzo[a]pyrene- induced mutagenicity and hepatocarcinogenecity
and also the formation of the DNA adduct by inhibiting cytochrome P450 in
the liver. The hepatoprotective role of U1 has been examined using carbone
terachloride-induced liver damage in rats and alcoholic liver disease model rats,
but not examined using THU1. Our recent data suggests that THU1 is a more
promising hepatprotective agent because of its strong induction activity of antiox-
idant and phase 2-metabolizing enzymes in liver compared to kidney, although
more detaied examinations are required.

1. INTRODUCTION

The rhizome of turmeric (Curcuma Longa Linn.) has been widely used as a
yellow coloring agent and spice in many foods, and it has also been used in
indigenous medicine.1 for the treatment of pain and inflammation. Curcumin is
the main component of turmeric, and two minor components are also present as

407
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Figure 1. Structure of curcuminoids present in turmeric.

the curcuminoids; about 70–76% curcumin (U1) is present along with about 16%
demethoxycurcumin (U2) and 8% bisdemethoxycurcumin (U3) (Figure 1). Exten-
sive scientific research on U1 have demonstrated a wide spectrum of therapeutic
effects such as antitumor and anti-inflammatory effects, including antibacterial,
antiviral, antifungal, and antispasmodic activities.2

Many studies indicated that compounds that possess antioxidant or
anti-inflammatory effect inhibit 12-O-tetradecanoyl-phorbol-13-acetate (TPA)-
induced tumor promotion in mouse skin. Conney and his colleagues reported
that the topical application of U1 inhibited TPA-induced tumor promotions as
well as benzo(a)pyrene (BP)- and 7,12-dimethyl-benz(a)anthracene (DMBA)- in-
duced tumor initiation on mouse skin and these series of reports were the first
studies to demonstrate an inhibitory effect of U1 on carcinogenesis.3 Our research
group recently reported that curcuminoids possess antioxidant activity4 and in-
hibited the microsome-mediated mutagenicity of BP and DMBA, and it was also
reported that U1 acts as a strong inhibitor of tumor promotion; this effect can be
explained to roughly parallel the relative antioxidant activity.5 Extensive studies
of the inhibitory effects of dietary U1 on colon, duodenal, stomach, esophageal,
and oral carcinogenesis3 have been carried out using cell lines and it was shown
that curcumin suppresses both cyclooxygenase-2 and inducible nitric oxide syn-
thase as potential targets.6,7 U1 has also been shown to inhibit the activation of
the transcription factors activator protein (AP)-1 and nuclear factor (NF)-�B in
human leukemia cell lines.8,9 It was reported that topical U1 application to mouse
skin inhibited TPA-mediated activation of ERK and p38 mitogen-activated pro-
tein kinase and subsequent activation of NF-�B.10 These data indicated that U1
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might act primarily as an antiinflammatory agent, but further studies with in vivo
biomarkers are needed.

Although the orally administered U1 has been reported to have poor bioavail-
ability and only low blood levels were observed,11 it was reported that dietary cur-
cumin inhibited chemically induced skin12 and liver carcinogenesis.13 Recently, we
reported that oral administration of U1 also inhibited the initiation of radiation-
induced mammary and pituitary tumors14 as well as diethylstilbesterol-induced
tumor promotion in the mammary glands of rats initiated with radiation.15 During
this study, we found that U1 was converted to tetrahydrocurcumin (THU1), one of
the major metabolites, and THU1 was observed in the serum.15 To date, not many
studies have been carried out on absorption, metabolism, and biological activi-
ties other than anti-inflammatory effects. In this chapter, we focus on absorption,
metabolism, in vitro and in vivo biological activities such as antioxidant activity,
and nephroprotective and hepatoprotective effects.

2. ABSORPTION AND METABOLISM OF CURCUMINOIDS

Several studies on the absorption and metabolism of U1 have been reported. In an
early study that elucidated the metabolic disposition of U1 in rats, U1 labeled with
deuterium and tritium was prepared. Oral and intraperitoneal doses of [3H]U1 led
to fecal excretion of most of the radioactivity. The major biliary metabolites were
glucuronides of THU1 and hexahydrocurcumin.16 We also made an extensive study
on the chemical analyses of the metabolic pathway of U1 after scavenging lipid hy-
droperoxide using in vitro systems4 and proposed that dihydroferulic acid must be a
candidate as the final product during the antioxidative process of THU1 (Figure 2).

A recent study investigated the pharmacokinetic properties of U1 in mice and fur-
ther clarified the nature of the metabolites of U1.17 U1 (0.1 g/kg) was administered
intraperitoneally to mice and about 2.25 �g/mL were found in the plasma in the first
15 min. Treatment of the plasma with �-glucuronidase was reported to give the free
form of THU1 and U1, respectively. The chemical structures of these metabolites,
determined by mass spectrometry, suggested that U1 was first biotransformed to
dihydrocurcumin and then to THU1 and that these compounds subsequently were
converted to monoglucuronide conjugates. The stability of U1 and THU1 at phys-
iological pH was also reported, and it was found that U1 and THU1 were stable at
different pHs; in particular, THU1 was very stable in 0.1 M phosphate buffers of
various pH values. These results suggest that U1-glucuronoside, dihydrocurcumin-
glucuronoside, THU1-glucuronoside, and THU1 are major metabolites of U1
in vivo.17

In the course of our investigation of the inhibitory effect of diethylstilbesterol-
induced tumor promotion in the mammary glands of rats initiated with radiation
after the oral administration of U1, we found that THU1 was observed in the
serum.15 As shown in Table 1, nearly 20 times the amount ofTHU1 was found in
the serum even after administration of U1.
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Figure 2. Metabolic pathway of curcumin in the biological system.

We studied extensively the chemopreventive effects of THU1 feeding18 and
observed strong chemopreventive effects of carotenoids such as fucoxanthin, ly-
copene, and lutein as well as U1 and THU1 on the development of putative pre-
neoplastic aberrant crypt foci in colons of mice initiated with the tumor promoter
1,2-dimethylhydrazine dichloride (DMH).

Table 1. Concentration of U1 and THU1 in the serum after administration of

0.2% of U1 in rats.

SUBSTANCE CONTROL DIETSa CURCUMIN DIETa

ASSAYED (n = 5) (n = 5)

Thiobarbituric acid reactive 10.8 ± 0.4b 9.3 + 0.5b

substances (TBARS) (nmol

Malondialdehyde (MDA)/mL)

U1 (ng/mL) NDc 6.0 + 2.0

THU1 (ng/mL) NDc 112.0 + 27.0

aMean + SE.
bSignificant difference between control and curcumin diet group, p < 0.05.
cNot detected.

Source: Ref. 15.
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Of the compounds tested, dietary fucoxanthin (0.01% in drinking water), lutein
(0.05% in the diet), and THU1 (0.5% in the diet) significantly reduced the num-
ber of aberrant crypt foci (ACF) when administered weeks 5 to 12 of the study.
A significant inhibition of ACF development in the colons of mice treated with
fucoxanthin, lutein, or THU1 when given in the postinitiation phase (tumors were
initiated using DMH) was observed. The influence of the proliferation of colonic
crypt epithelial cells was also assessed in terms of 5-bromo-2′-deoxyuridine (BrdU)
incorporation. BrdU labeling indexes (LI) in mice treated with lutein and 0.5%
THU1 was significantly decreased in both the upper-half and lower-half compart-
ments of colonic crypts compared to the controls.

The dose-dependent decreases of BrdU LI observed for lycopene and THU1
indicate that larger doses might be more effective for the inhibition of ACF devel-
opment. This study demonstrated that THU1 is more active than the parent com-
pound, U1, in terms of the inhibition of ACF development and cell proliferation.
This observation, combined with the fact that THU1, which has both phenolic and
�-diketone moieties in the same molecule, is a stronger antioxidant,4,19 suggests
that THU1 might be particularly suitable for application as a chemopreventive
agent.

3. PREVENTION OF OXIDATIVE STRESS BY CURCUMINOIDS

Excess production of reactive oxygen species (ROS) such as hydroxy radical (·OH)
can easily initiate the lipid peroxidation in the cell membranes to form the lipid
peroxides. Lipid peroxidation is known to be a free chain reaction, which takes
place both in vivo and in vitro, and forms lipid hydroperoxides and secondary
products. These lipid peroxidation products are highly reactive and have been
shown to interact with many biological components such as proteins, amino acids,
amines, phospholipids, and DNA. Much attention has been focused on the impor-
tance of the protective defense systems in living cells against damage caused by
ROS and free radicals. Several endogenous antioxidants such as vitamins C and E,
carotenoids, uric acid, bilirubin, carnosine, and ubiquinols have been found to play
an important role in nonenzymatic protection. In addition to these endogenous de-
fense systems, there is increasing interest in the protective biochemical functions
of dietary antioxidants, which are candidates for the prevention of aging-related
diseases such as cancer, atherosclerosis, and diabetes mellitus. Many studies have
been carried out to establish the ability of U1 to scavenge the hydroxyl radical,20 su-
peroxide radical,21 singlet oxygen,22 nitrogen dioxide,23 and nitrogen monoxide.24

It has also been demonstrated that U1 inhibits the generation of the superoxide
radical.25

From this background, we have been involved in measuring the in vitro an-
tioxidant activity of curcuminoids. After spectroscopic analyses of these curcum-
inoids, the antioxidative activity was evaluated in four in vitro antioxidative assay
systems.19 We have evaluated the comparative antioxidant activity of curcumi-
noids and tetrahydrocurcumin in vitro using linoleic acid as the substrate in an
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Figure 3. Antioxidative activities of curcuminoids in the rabbit erythrocyte membrane ghost

system (A) and in the rat liver microsome system determined by the TBA method (B).

ethanol/water system. The antioxidant activity of curcuminoids in the linoleic
acid auto-oxidation model were determined by the thiocyanate method and the 2-
thiobarbituric acid (TBA) method, and it was found that THU1 had the strongest an-
tioxidant activity among all of the curcuminoids. We also measured the antioxida-
tive activity using the rabbit erythrocyte membrane ghost (Figure 3A) and rat liver
microsome (Figure 3B) determining the 2-thiobarbituric acid-reactive substances
(TBARS) formation after inducing lipid peroxidation by tert-butylhydroperoxide
(t-BuOOH), and it was found that THU1 had the strongest antioxidant activity in
all of theantioxidant assay systems.

The results demonstrated that the reducing forms of curcuminoids, tetrahy-
drocurcuminoids (THU1, THU2, and THU3; Figure 4) showed a greater inhibitory
effect than the original curcuminoids (U1, U2, and U3), and THU1 showed the
strongest antioxidant activity. We concluded that the tetrahydro- form of curcum-
inoids must scavenge free radicals, such as the tert-butoxyl radical and peroxyl
radical, efficiently. We attempted to explain the mechanism of the antioxidant ac-
tion of the tetrahydro- form of curcuminoids, especially, THU1, on the basis of the

Figure 4. Structures of the tetrahydro- form of curcuminoids.
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molecular structure.19 We concluded that the �-diketone moiety of the tetrahydro-
form of curcuminoids must exhibit antioxidant activity by cleavage of the C—C
bond at the active methylene carbon between two carbonyls in the �-diketone
moiety. Because THU1 is one of the major metabolites of U1, we propose that this
compound might exhibit the observed physiological and pharmacological prop-
erties in vivo by means of the �-diketone moiety as well as phenolic hydroxyl
groups.4

More recently, we examined the protective role of THU1 on oxidative stress in
cholesterol-fed rabbits,26 in order to evaluate the antioxidative activity of THU1
in vivo. We fed rabbits with diets containing 1% cholesterol with or without 0.5%
THU1 and examined their effects on oxidative stress together with the inhibitory
effect on atherosclerosis. At the age of 13 weeks, a significantly low amount of
TBARS was found in the kidney and liver of in the THU1-treated rabbits. More
interestingly, N ε-(hexanoyl)lysine (HEL) in the liver was significantly inhibited in
the THU1-treated group compared to the control after 13 weeks, suggesting that
the early peroxidation product, HEL, might be a useful biomarker of peroxidation
in vivo. Other oxidation products, 4-hydroxy-2-nonenal (4-HNE) and dityrosine
in the liver, also had a tendency to be inhibited by the THU1 treatment (Table 2).

The levels of THU1 were higher in the liver than the serum, explaining
why the HEL concentration is lower in liver, but not in serum, of the THU1-
treated group compared with the control. There was also a tendency for the
formation of HEL and 4-HNE in kidney to be inhibited in the THU1-treated
group.27 At an early stage of lipid peroxidation, the lipid hydroperoxide is formed

Table 2. HEL, dityrosine and 4-HNE in liver and kidney.

CONTROL THU1 P VALUE

HEL

Liver 7 weeks 0.268 ± 0.029 0.247 ± 0.030 0.44

13 weeks 0.343 ± 0.060 0.274 ± 0.039 0.04∗∗
Kidney 7 weeks 0.300 ± 0.082 0.254± 0.075 0.50

13 weeks 0.333 ± 0.057 0.289 ± 0.045 0.19

4-HNE

Liver 7 weeks 0.330 ± 0.108 0.302 ± 0.084 0.73

13 weeks 0.438 ± 0.085 0.368 ± 0.036 0.09∗
Kidney 7 weeks 0.310 ± 0.063 0.266 ± 0.096 0.12

13 weeks 0.375 ± 0.041 0.300 ± 0.072 0.07∗

Dityrosine

Liver 7 weeks 0.282 ± 0.060 0.245 ± 0.033 0.30

13 weeks 0.332 ± 0.062 0.283 ± 0.028 0.11

Kidney 7 weeks 0.302 ± 0.060 0.283 ± 0.020 0.12

13 weeks 0.334 ± 0.062 0.284 ± 0.056 0.20

Data are expressed as the optical density at 490 nm and the mean ± SD.

n = 3 at 7 weeks, n = 6 at 13 weeks.
∗ p < 0.1.
∗∗ p < 0.05
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and then decomposed into several aldehydes, including 4-HNE,28 malondialde-
hyde (MDA),29 acrolein,30 and crotonaldehyde.31 These reactive aldehydes can
easily react with proteins, nucleic acids, and amino-phospholipids, accompanied
by stable and unstable adduct formation modification.32−34 During the course of
these studies, the formation of HEL derived from the reaction between the peroxi-
dized lipid and a lysine moiety has been reported.35 We have identified hexanoyl-
ethanolamine in oxidized LDL and erythrocytes.36 Whereas the mechanism for
the formation of the amide-type linkage including the precursor derived from
lipid peroxidation is almost unknown, the HEL adduct is considered to be one of
the earlier and stable markers for lipid peroxidation-derived protein modification
compared to aldehyde-derived protein adducts.34 The immunochemical evidence
of HEL presence in human atherosclerotic plaque,34 exercised rat tissues,37,38

lipopolysaccharides-induced liver injury in d-galactosamine-sensitized mice,39

hepatic ischemia–reperfusion injury in rats,40 and kidneys in diabetic Akita mice41

have already been reported. Recently, the chemical identification of HEL in vivo has
been accomplished by application of the liquid chromatography–mass spectrom-
etry (LC/MS) technique.42 The oxidation of tyrosine generates a tyrosyl radical,
and dityrosine is then formed by the reaction of two tyrosyl radicals. The antidity-
rosine antibody was developed and it demonstrated that dityrosine can be detected
in lipofuscin from the aged human brain33 and in atherosclerotic lesions in the
aorta of Apo-E-deficient mice.43 These results suggest that dityrosine might also
become a useful marker for the estimation of protein cross-linking under oxidative
stress.

4. NEPHROPROTECTIVE EFFECTS OF CURCUMINOIDS

Oxidative stress can promote the formation of a variety of vasoactive mediators that
can affect renal function directly by causing renal vasoconstriction or decreasing
the glomerular capillary ultrafiltration coefficient, thus reducing the glomerular fil-
tration rate.44 U1 significantly and dose-dependently improved creatinine and urea
clearance and decreased the elevated levels of serum creatinine and BUN. Earlier
studies have also shown that U1 pretreatment decreases an ischemia–reperfusion-
induced rise in serum creatinine levels in the kidney.45

Chronic renal allograft nephropathy is associated with both immune and is-
chemic injury, which might act synergistically to promote an inflammatory re-
sponse. Nephrotoxicity and hypertension are the major adverse effects that often
limit cyclosporine (CsA) treatment following solid-organ transplantation and au-
toimmune diseases.46 The functional changes caused by CsA are dose dependent
and are usually reversible after short-term CsA treatment.47 Recently, Jones and
Shoskes (2000) examined the possible beneficial effect of U1 in preventing the
acute renal failure and related oxidative stress caused by chronic administration
of CsA in rats.48 U1 was administered concurrently with CsA (20 mg/kg/day s.c.)
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for 21 days. Oxidative stress in kidney tissue homogenates was estimated using
TBARS, reduced glutathione (GSH) content, superoxide dismutase (SOD), and
catalase (CAT). Nitrite levels were estimated in serum and tissue homogenates.

Our research group reported the protective effects of U1 and THU1 against
ferric nitrilotriacetate (Fe-NTA)-induced oxidative renal damage using male ddY
mice.27 Single Fe-NTA treatment (5 mg Fe/kg body weight intraperitoneally) tran-
siently causes oxidative stress, as shown by the accumulation of lipid peroxidation
products and 8-hydroxy-2′-deoxyguanosine (8-OHdG) in the kidney. Mice were
fed with a diet containing 0.5 g/100 g U1 or THU1 for 4 weeks. THU1 signifi-
cantly inhibited TBARS and 4-HNE-modified proteins and 8-OHdG formation in
the kidney; U1 inhibited only 4-HNE-modified protein formation. To elucidate the
mechanisms of protection by U1 and THU1, the pharmacokinetics and radical-
scavenging capacities of U1 and THU1 were investigated by high-performance
liquid chromatography (HPLC) and electron spin resonance spin trapping with
5,5-dimethyl-1-pyrroline-N -oxide, respectively. Induction of antioxidant enzymes
was also investigated. The amounts of THU1 and its conjugates (as sulfates and
glucuronides) in the liver and serum were larger in the THU1 group than in the U1
group. The amounts of U1 and its conjugates were small, even in the U1 group.
These results suggest that THU1 is more easily absorbed from the gastrointesti-
nal tract than U1. Furthermore, THU1 induced antioxidant enzymes, such as glu-
tathione peroxidase (GPx), glutathione-S-transferase (GST), and NADPH:quinone
reductase, as well as or better than U1 and scavenged Fe-NTA-induced free radi-
cals in vitro better than U1 (Figure 5). From these results, we suggest that U1 is
converted to THU1 in vivo and that THU1 is a more promising nephroprotective
agent.

Protective effects of U1 and THU1 have also been examined on the development
of diabetic cataract in 25% galactose-fed SD rats. Both of orally administrated U1
and THU1 (0.2%) prevented cataractogenesis in galactosemic rats effectively, but
THU1 showed a greater inhibitory effect than U1. THU1 also showed strong pre-
ventive activity using a xylose-induced cataract in cultured monkey lenses (Ueno
et al., unpublished data). By the detailed examination of the protective mechanisms
of THU1, it was found that THU1 not only scavenges ROS formed during hyper-
glycemia but also induces antioxidative enzymes (GPx and SOD) significantly.
THU1 exhibited no effects on polyol metabolism, but THU1 showed a significant
increase of glutathione concentration in the cultured rat lens (Figure 6).

We have already examined the induction mechanisms of GST at the mRNA
level, and we now focus on redox regulation by glutathione (� -glutamylcysteinyl
glycine, GSH). GSH is thought to be an important factor in cellular function
and defense against oxidative stress, and we found that dietary GSH suppresses
oxidative stress in vivo in the prevention of diabetic complications such as diabetic
nephropathy and neuropathy.49 Recently, much attention has been focused on the
role of oxidative stress as the cause of various forms of tissue damage in patients
with diabetes. The aim of our study is to examine the involvement of oxidative
stress in the progression of kidney dysfunction and neuropathy in diabetes and
to evaluate the potential usefulness of GSH in diabetes. In the present study, we
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Figure 5. Effect of dietary U1 and THU1 on GPx (A), NADPH:QR (B), and GST (C and

D) activities in the kidney of mice treated with Fe-NTA. (C) GST activity toward CDNB

and (D) GST activity toward (4-HNE) (p < 0.05)

examined the effect that treatment of streptozotocin-induced diabetic rats with
GSH has on the renal and neural functions. Diabetic rats were treated with 1%
GSH as a diet supplement. The administration of GSH significantly suppressed
the diabetes-induced increase in urinary 8-hydroxy-2’-deoxyguanosine, which is
one of the markers of oxidative stress. The administration of GSH in diabetic rats
significantly prevents the diabetes-induced increase in albumin and creatinine in the
urine. The diabetes-induced increase in the tail flick reaction time to thermal stimuli
was improved by treatment with GSH. In conclusion, our observations indicate that
GSH treatment can exert beneficial effects in diabetes, with preservation of in vivo
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Figure 6. Decrease of glutathione (GSH) in the cultured rat lens with xylose and increase

with supplementation with THU1 (p < 0.05).

renal and neural function. This finding suggests a potential usefulness of GSH
for treating diabetes and provides further support for the implication of oxidative
stress in diabetic nephropathy and neuropathy.

In conclusion, it was found that dietary antioxidants such as curcuminoids pos-
sess the direct scavenging activity of ROS as the protective mechanism and also
induction of antioxidative enzymes, including detoxification enzymes. Further-
more, curcuminoids also have interesting protective role through redox regulation
by GSH. Thus, a sufficient supply of dietary antioxidants might prevent or de-
lay diabetes complications, including renal and neural dysfunctions, by providing
protection against oxidative stress.

5. HEPATOPROTECTIVE EFFECTS OF CURCUMINOIDS

Earlier studies reported that turmeric and U1 protect the liver against several tox-
icants both in vitro and in vivo. Reddy and Lokesh found that oral administration
of U1 (30 mg/kg body weight) for 10 days lowered the liver and serum lipid per-
oxide levels, serum alanine aminotransferase (ALAT), aspartate aminotransferase
(ASAT), and lactate dehydrogenase (LDH), enhanced by i.p. injection of iron in
rats.20 This study indicates that U1 reduces the iron-induced hepatic damage by
lowering lipid peroxidation.

Soni et al. explored the liver-protective properties of several food additives in in-
hibiting mutagenesis induced by aflatoxin (AF) B1.50 In a comparative study which
examined the protective effects of various food additives on aflatoxin-induced mu-
tagenicity and hepatocarcinogenicity, U1 was found to offer the best protection.
Mutagenesis induced by AFB1 (0.5 mg/plate) in Salmonella tester strains TA 98
and TA 100 was 80% inhibited by U1 at concentrations of 2 mg/plate. U1 was
found to inhibit the formation of the covalent adduct between AFB1 and DNA, as
catalyzed by microsomes or a reconstituted microsomal monooxygenase system
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in a dose-dependent manner.51 They reported that a strong affinity of U1 toward
cytochromes was further substantiated from the observation that U1-pretreated cy-
tochrome P450 had reduced the ability to catalyze AFB1–DNA adduct formation
in the reconstituted system, and they suggested that U1 might inhibit chemical
carcinogenesis by modulating cytochrome P450 function.

It was also reported that U1 strongly inhibited the formation of
[3H]benzo[a]pyrene-derived DNA adduct in vitro employing mouse liver S9, com-
pard to other curcuminoids such as U2 and U3.52 Investigation on the inhibitory
effect of curcumin showed a dose-dependent decrease in cytochrome P450 and aryl
hydrocarbon hydroxylase (AHH) activity resulting in relatively larger amounts of
unmetabolized B(a)P in the presence of curcumin. Thapliyal et al., (2001) re-
ported that curcumin strongly inhibits cytochrome 4501A1/1A2 in the liver.53

These are isoenzymes involved in the bioactivation of several toxins, including
benzo[a]pyrene.

Recently, Park et al reported on the protective effects of U1 on acute or subacute
carbon-tetrachloride-induced liver damage in rats.54 Acute hepatotoxicity was in-
duced by intraperitoneal injection of carbon tetrachloride (CCl4) and subacute hep-
atotoxicity was induced by oral administration of CCl4. One hundred-milligrams
per kilogram of U1 treatment of rats with acute liver injury by CCl4was found to
lower serum ALAT and alkaline phosphatase. U1 was also found to reduce the
liver hydroxyproline content and malonaldehyde levels in rats with subacute liver
injury, and it was concluded that U1 improved both acute and subacute liver injury
induced by CCl4. More recently, Sugiyama et al. investigated the effects of U1 on
hepatic cytochrome P450 (CYP) activity in rats with or without injection of CCl4,
and they speculated that dietary intake of U1 might protect against CCl4-induced
hepatic CYP inactivation via its antioxidant properties, without inducing hepatic
CYPs.55

Recently, Nanii et al. reported that U1 inhibited alcoholic liver disease (ALD)
model rats effectively. Induction of NF-�B-mediated gene expression has been
implicated in the pathogenesis of ALD.56 They determined whether treatment
with U1 would prevent experimental ALD and elucidated the underlying mech-
anism. Four groups of rats (six rats/group) were treated by intragastric infusion
for 4 weeks. One group received fish oil plus ethanol (FE); a second group re-
ceived fish oil plus dextrose (FD). The third and fourth groups received FE or
FD supplemented with U1, and liver samples were analyzed for histopathology,
lipid peroxidation, NF-�B binding, transforming growth factor (TNF), interleukin
(IL)-12, monocyte chemotactic protein-1, macrophage inflammatory protein-2,
cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), and nitroty-
rosine. Rats fed FE developed fatty liver, necrosis, and inflammation, which was
accompanied by activation of NF-�B and the induction of cytokines, chemokines,
COX-2, iNOS, and nitrotyrosine formation. Treatment with U1 prevented both
the pathological and biochemical changes induced by alcohol. Because endotoxin
and the Kupffer cell are implicated in the pathogenesis of ALD, they investigated
whether curcumin suppressed the stimulatory effects of endotoxin in isolated Kupf-
fer cells. U1 blocked endotoxin-mediated activation of NF-�B and suppressed the
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expression of cytokines, chemokines, COX-2, and iNOS in Kupffer cells. Thus, U1
prevents experimental ALD, in part by suppressing induction of NF-�B-dependent
genes.

Previous studies have shown that U1 causes an increase in GST activity in rodent
liver, which might contribute to its anticancer and anti-inflammatory activities.
Piper et al. studied the effect of U1 on hepatic nonprotein sulfhydryls and GSH-
linked enzymes in male Sprague–Dawley rats, and they found that GST activity
toward 4-HNE increased in a saturable, dose-dependent manner.57 Western blot
analyses of liver cytosols revealed that U1 caused a dose dependent induction of
rGST 8-8, an isozyme known to display the highest activity toward 4-HNE, a highly
toxic product of lipid peroxidation. Iqbal et al. found that dietary supplementation
of U1 to male ddY mice significantly increased the activities of GST and quinone
reductase to 1.7 and 1.8 times in the liver and 1.1 and 1.3 times in the kidney.58

In general, the increase in the activities of antioxidant and phase 2-metabolizing
enzymes was more pronounced in the liver than in the kidney.

We have also found that THU1 induces antioxidative enzymes such as GPx,
GST, and NADPH:quinone reductase, as well as or better than U1, and scavenged
Fe-NTA-induced free radicals in vitro better than U1.27 Recently, we also found
that THU1 induced phase 2 enzymes in the liver better than U1 (Ueno et al.,
unpublished data), and it was suggested that U1 is converted to THU1 in vivo and
that THU1 is a more promising chemopreventive agent.
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CURCUMIN AND AUTOIMMUNE DISEASE

John J. Bright

Abstract: The immune system has evolved to protect the host from microbial in-
fection; nevertheless, a breakdown in the immune system often results in infection,
cancer, and autoimmune diseases. Multiple sclerosis, rheumatoid arthritis, type 1
diabetes, inflammatory bowel disease, myocarditis, thyroiditis, uveitis, systemic
lupus erythromatosis, and myasthenia gravis are organ-specific autoimmune dis-
eases that afflict more than 5% of the population worldwide. Although the etiology
is not known and a cure is still wanting, the use of herbal and dietary supplements is
on the rise in patients with autoimmune diseases, mainly because they are effective,
inexpensive, and relatively safe. Curcumin is a polyphenolic compound isolated
from the rhizome of the plant Curcuma longa that has traditionally been used for
pain and wound-healing. Recent studies have shown that curcumin ameliorates
multiple sclerosis, rheumatoid arthritis, psoriasis, and inflammatory bowel disease
in human or animal models. Curcumin inhibits these autoimmune diseases by
regulating inflammatory cytokines such as IL-1�, IL-6, IL-12, TNF-� and IFN-�
and associated JAK-STAT, AP-1, and NF-�B signaling pathways in immune cells.
Although the beneficial effects of nutraceuticals are traditionally achieved through
dietary consumption at low levels for long periods of time, the use of purified ac-
tive compounds such as curcumin at higher doses for therapeutic purposes needs
extreme caution. A precise understanding of effective dose, safe regiment, and
mechanism of action is required for the use of curcumin in the treatment of human
autoimmune diseases.

1. INTRODUCTION

The immune system has evolved to discriminate self from non-self antigens,
thereby protecting the host from microbial infection and cancer.1Nevertheless, a
breakdown in the fundamental immune response often results in the development
of chronic infectious diseases, malignant tumors, and organ-specific autoimmune
diseases. Although the etiology of autoimmune disease is not known, it is generally
believed to be mediated by autoimmune cells that are influenced by genetic, envi-
ronmental, and behavioral factors. Although the induction of an immune response
involves the orchestrated interaction of phagocytes and lymphocytes, autoimmune
diseases are characterized by deregulated immune responses. Traditionally, these
diseases are categorized as either cell mediated, with a particular role for Th1 cells,
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or humoral, with autoantibodies playing a key role in disease manifestation,2,3 It
is now realized that cytokines, chemokines, adhesion molecules, and other com-
ponents of inflammatory responses also mediate tissue damage in autoimmune
diseases. Despite recent improvements in patient care, a cure for autoimmune dis-
ease is still wanting. Human diets of plant origin, containing many hundreds of
biologically active compounds called nutraceuticals, appear to play a role in the
regulation of immune diseases and maintenance of health. In view of their ability to
alleviate pain and inflammation with fewer side effects, the use of herbal medicine
and dietary supplements is on the rise in patients with autoimmune diseases. In
some cases, the disease process is partially understood, where the elements of
protection can be related to a single compound or group of compounds in the diet.
These bioactive components are featured with antioxidant, anti-inflammatory, and
anticancer properties. Curcumin is a polyphenolic compound isolated from the
rhizome of the plant Curcuma longa, which has traditionally been used in the
treatment of inflammation and cancer. Recent studies have demonstrated promise
in the use of curcumin for the treatment of autoimmune diseases.5A precise un-
derstanding of the effect and mechanism of action of curcumin will help develop
new strategies to use it in the treatment of autoimmune diseases.

2. AUTOIMMUNE DISEASES

An immune response is initiated when phagocytic cells, such as macrophage, mi-
croglia and dendritic cells, and endocytose foreign antigens, degrade to peptides
and present to CD4+ T-lymphocytes in conjunction with major histocompatibil-
ity complex (MHC) or human leukocyte antigen (HLA) antigens.6 The activated
antigen-presenting cells (APCs) migrate to the regional lymph node and spleen
and encounter naive or memory lymphocytes, leading to differentiation of Th1/Th2
cells, maturation of antigen-reactive B-cells, and migration to inflammatory sites.
Whereas immunological memory is the basis for beneficial effects of vaccines,
the autoimmune memory B- and T-cells mediate autoimmune diseases. The im-
mune system is highly evolved to react only to foreign antigens but to maintain
tolerance to self antigens.7−9 Despite the highly evolved immune system, the au-
toimmune cells escape immune tolerance and induce organ-specific autoimmune
diseases such as multiple sclerosis, rheumatoid arthritis, type 1 diabetes, inflamma-
tory bowel disease, myocarditis, thyroiditis, uveitis, systemic lupus erythromato-
sis, and myasthenia gravis, all of which are major health problems throughout
the world. The autoimmune disease usually begins in young adulthood and af-
fects women three times more frequently than men.11Although the etiology is not
known, it is generally believed that genetic, environmental, and behavioral factors
influence the pathogenesis of autoimmune diseases. In humans, the most potent ge-
netic contribution to autoimmunity is from alleles of the MHC class II (HLA-DR)
locus.10 Although microbial infection and autoantigens can trigger organ-specific
autoimmune diseases, cytokines, chemokines, and signaling molecules in the target
organs determine the final outcome of the disease. Thus, the identification of drugs
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Figure 1. Chemical structure of curcumin: Curcumin [1,7-bis(4-hydroxy-3-methoxy-

phenyl)-1,6-heptadiene-3,5-dione] belongs to curcuminoids and its chemical structure is

similar to diarylheptanoids.30,31 The anti-inflammatory activity of curcumin is associated

with the hydroxyl and phenol groups. It also has a b-dicarbonylic system with conjugated

double bonds and the diene ketone system provides lipophylicity and better penetration.

that regulate autoimmune responses is critical in the treatment of organ-specific
autoimmune diseases.

3. CURCUMIN IN THE TREATMENT OF AUTOIMMUNE DISEASES

Traditional medicines have used edible and medicinal plants to treat human dis-
eases in different parts of the world.12 There is a large variety of phytochemicals
that can be extracted and purified from these edible and medicinal plants for the
treatment of human diseases.13Curcumin (diferuloylmethane) (Figure 1) is a nat-
urally occurring yellow pigment isolated from the rhizomes of the plant Curcuma
longa (Linn) (turmeric) and is commonly used as a coloring and flavoring agent
in food products. Traditional medicine in India and China uses curcumin to treat
sprain and swelling caused by injury.14 The medicinal value of curcumin has been
well recognized, as it has profound anti-inflammatory and antitumor activities. In
vivo treatment with curcumin induces complete protection in chronic and acute
models of inflammation.15−20Curcumin inhibits reactive oxygen-generating en-
zymes such as lipoxygenase (LOX), cyclooxygenase (COX), xanthine dehydroge-
nase, and inducible nitric oxide synthase (iNOS) associated with inflammation.21,22

Curcumin inhibits lipopolysaccharide (LPS) and interferon (IFN)-� -induced nitric
oxide production in macrophages.23−25 and protein kinase C (PKC) activation and
c-jun expression in fibroblasts.26 It also inhibits skin inflammation and associated
c-Fos and c-Jun expression and hydrogen peroxide formation.27 Curcumin inhibits
COX and LOX activities associated with inflammation in vivo and in vitro.28,29 In
view of its anti-inflammatory property, we and others have examined the use of
curcumin in the treatment of autoimmune diseases (Table 1).

4. CURCUMIN AND MULTIPLE SCLEROSIS

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central
nervous system (CNS) that afflicts millions of people worldwide.44 About 30% of
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Table 1. Effect of curcumin in autoimmune diseases.

DISEASE EFFECT OF CURCUMIN REFERENCE

MS No report on human MS —

Ameliorates EAE model of MS in mice (32)

Type I diabetes Inhibits glucose in human diabetic patients (3, 34)

Protects pancreatic �-cell death (35)

No report in animal models of type 1 diabetes —

RA Alleviates RA in humans (36)

Inhibits RA in animal models (37)

Psoriasis Inhibits psoriasis in humans (38)

Inhibits psoriasis in animal model (39)

IBD Inhibits IBD in humans (40)

Inhibits IBD in animal models (41–43)

Myocarditis No report in animal or human myocarditis —

SLE No report in animal or human SLE —

Myasthenia gravis No report —

MS patients develop clinical paralysis and become wheelchair-bound for the rest
of their lives.45Although the destruction of the oligodendrocyte myelin sheath in
the CNS is the pathological hallmark of MS,46 axonal degeneration contributes
to irreversible long-term disability.47 Activation of immune cells, secretion of in-
flammatory cytokines, and differentiation of encephalitogenic Th1 cells are key
processes associated with the pathogenesis of MS.48,49 Immunosuppressive agents
have been commonly used to treat MS, but there is no medical treatment available
that can cure MS. Experimental allergic encephalomyelitis (EAE) is an autoim-
mune disease of the CNS. EAE can be induced in susceptible rodents and primates
by immunization with whole-brain homogenate or purified neural antigens such
as myelin basic protein (MBP), myelin oligodendrocyte glycoprotein (MOG), and
proteolipid protein (PLP). The clinical and pathological features of EAE show
close similarity to human MS; therefore, EAE has been commonly used as a
model system to study the mechanism of MS pathogenesis and to test the efficacy
of potential therapeutic agents for the treatment of MS.4,5,50−53 To test the use of
curcumin in the treatment of MS, we examined the protective effect of curcumin
on EAE in SJL/J mice. We found that in vivo treatment (i.p.) with 50 or 100
�g curcumin every other day decreased the clinical and pathological severity of
EAE in SJL/J mice.5 Curcumin also induced a dose-dependent decrease in neural
antigen-induced T-cell proliferation, Th1 differentiation, and IFN-� production.
These results suggest the use of curcumin in the treatment of MS.5 However, there
is no study so far examining the effect of curcumin in human MS. Although daily
intake of low doses of curcumin as a dietary beverage might reduce the incidence
and severity of autoimmune inflammation, controlled systematic studies in hu-
man patients are required before this can be used to treat MS and other human
autoimmune diseases.
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5. CURCUMIN AND TYPE 1 DIABETES

Type 1 diabetes is an autoimmune disease of the pancreas in which the pan-
creatic �-cell destruction leads to insulin deficiency in 5–10% of diabetes cases
worldwide.53,54 Patients with type 1 diabetes are also susceptible to other autoim-
mune conditions, including Hashimoto’s thyroiditis, Graves’ disease, Addison’s
disease, coeliac disease, myasthenia gravis, and vitiligo.55,56 In susceptible individ-
uals, the autoimmune B-cells produce antibodies to �-cell antigens such as insulin
(IAA) and glutamic acid decarboxylase (GADA/GAA), and the protein tyrosine
phosphatase IA2 (IA-2AA) and autoimmune T-cells mediate inflammation within
the islets. Continuing destruction of �-cells leads to progressive loss of insulin re-
serve and insulin deficiency, resulting in the development of diabetes.53 Although
nutritional planning and insulin pumps help patients manage their disease,57 a cure
for diabetes is still wanting. Earlier studies have shown that dietary curcumin in-
hibits blood sugar levels in diabetic patients and its animal models.33,34 Curcumin
treatment also inhibits diabetes associated complications such as renal lesion,
wound-healing, and cataracts in human patients and animal models.58−61 The islet
�-cells are susceptible to damage caused by oxygen free radicals, and curcumin
protects pancreatic �-cells against reactive oxygen species (ROS)-mediated dam-
age by enhancing antioxidants and reduces hyperglycemia in chemically induced
diabetes.35 Although there is no systematic study examining the effect of curcumin
on human or animal models of type 1 diabetes, these results suggest the potential
use of curcumin in the treatment of type 1 diabetes.

6. CURCUMIN AND RHEUMATOID ARTHRITIS

Rheumatoid arthritis (RA) is a chronic systemic inflammatory condition that af-
fects approximately 0.8% of the population worldwide. RA is characterized by
synovitis within diarthrodial joints, and angiogenesis is an important early event.
Activated macrophages and dendritic cells are important sources of key proinflam-
matory cytokines, such as tumor necrosis factor (TNF)-� and interleukin (IL)-1,
that promote the accumulation of inflammatory cells and the synthesis of cytokines,
chemokines, matrix metalloproteinases (MMPs), COX-2, and other inflammatory
mediators. CD4+ T-cells with a Th1 phenotype appear to play a key role in orches-
trating the immune response, and B-cells contribute to the ongoing inflammation by
activating T-cells and producing potentially pathogenic autoantibodies in RA.62,63

The primary goals of therapy for RA are relief of pain, reduction of inflamma-
tion, preservation of functional status, prevention of complications, and resolution
of the pathogenic process. Historically, RA has been managed with nonsteroidal
anti-inflammatory drugs (NSAIDs). Howeer, now there are earlier treatments with
disease-modifying antirheumatic drugs, including methotrexate, hydroxychloro-
quine (HCQ), sulfasalazine, and leflunomide.64 With a better understanding of
the immunopathogenesis of the disease, researchers are now investigating other
immunomodulatory approaches. Earlier studies have shown that curcumin has
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antirheumatic activity in humans.36 Many recent studies have shown that curcumin
inhibits RA in association with inhibition of inflammatory cytokines and matrix
metalloproteinase by blocking signaling pathways, including mitogen-activated
protein kinases (MAPKs), activator protein (AP)-1 and nuclear factor (NF)-�B
transcription factors in articular chondrocytes.65−67 Curcumin also protects human
chondrocytes from IL-l�-induced inhibition of collagen type II and �1-integrin
expression and activation of caspase-3. Curcumin synergistically potentiates the
growth-inhibitory and proapoptotic effects of celecoxib in osteoarthritis synovial
adherent cells.68 Recent studies have also shown that curcumin inhibits disease
in an animal model of RA.37 These reports suggest that curcumin is useful in the
treatment of human RA.69

7. CURCUMIN AND PSORIASIS

Psoriasis is an autoimmune inflammatory disease of the skin and joints in which
intralesional T-lymphocytes trigger primed basal stem keratinocytes to proliferate
and perpetuate the disease process.70−72 Although the self-antigens have not been
identified, drugs that regulate complex interactions among susceptibility genes, im-
munologic effector mechanisms, and environmental triggers that elicit the disease
process in skin will prove to be useful in the treatment of psoriasis. Interestingly,
recent studies have shown the antipsoriatic actions of curcumin. In vitro treatment
with curcumin results in a significant decrease in the proliferation of keratinocytes
in culture. Topical administration of curcumin inhibits the symptoms of psoriasis
in a mouse model, suggesting its use in the treatment of psoriasis.39 Curcumin-
induced suppression of phosphorylase kinase activity correlates with the resolution
of human psoriasis as assessed by clinical, histological, and immunohistochemical
parameters.38 Curcumin also inhibited keratinocyte transferrin receptor expression,
severity of parakeratosis, and density of epidermal CD8+ T-cells in psoriasis.38,67,73

These studies suggest that curcumin is useful in the treatment of psoriasis.

8. CURCUMIN AND INFLAMMATORY BOWEL DISEASE

Inflammatory bowel disease (IBD) characterized by Crohn’s disease and ulcera-
tive colitis is a common health problem worldwide.74 Several cytokines, including
TNF-� and IL-1�, have been shown to be upregulated in IBD and amplify and
perpetuate tissue damage. Furthermore, chemokines are upregulated, thus provid-
ing a continuous signal for the influx of leukocytes.75 Animals with knockouts of
inflammatory factors such as IL-2, IL-10, and T-cell receptor serve as models of
bowel inflammation.76Management of IBD involves the use of immunosuppres-
sives, such as corticosteroids and monoclonal antibodies against TNF-�, which
demonstrate clinical efficacy.77,78 However, these agents are expensive and not
without side effects, thus warranting the need for alternative drugs that might
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be equally or more effective and inexpensive. Interestingly, recent studies have
shown the beneficial effects of curcumin in the murine models of IBD.41−43 The
anti-inflammatory effects of curcumin involve a reduction in myeloperoxidase ac-
tivity, a reduction in the number of infiltrating neutrophils, as well as a reduced
expression of IL-1�.40 A recent study has also shown the effect of curcumin in
reducing the clinical symptoms of IBD in human patients, but precisely how cur-
cumin ameliorates IBD is not clear. However, these encouraging studies suggest
that curcumin might prove to be an inexpensive, well-tolerated, and effective ther-
apy for the treatment of IBD in human.

9. CURCUMIN AND MYOCARDITIS

Myocarditis is an inflammatory disease of the myocardium.79 This disease might
be idiopathic, infectious, or autoimmune and might heal or lead to dilated car-
diomyopathy (DCM), the most common cause of heart failure.80,81 Thus, in a pa-
tient subset, myocarditis and DCM are thought to represent the acute and chronic
stages of an organ-specific autoimmune disease of the myocardium. The cardiac au-
toantibodies are predictive markers of progression to DCM.82,83 Cellular as well as
humoral autoimmune responses are critically associated with the pathogenesis and
progression of myocarditis and cardiomyopathy. Animal models greatly advanced
our knowledge of the pathogenesis of myocarditis and inflammatory cardiomy-
opathy. In susceptible mice, for example, infection with enteroviruses results in
a biphasic myocarditis, with an early acute stage 5–8 days after inoculation, fol-
lowed by a chronic stage of low-grade inflammation.84 Interestingly, T-cells from
mice with enteroviral myocarditis transfer the disease into syngeneic severe com-
bined immunodeficiency (SCID) recipients lacking B- and T-cells, which suggests
a crucial role for autoreactive T-cells in disease pathogenesis.85,86 Furthermore,
immunization of susceptible mice with �-myosin-derived peptides (MyHC�) re-
sults in CD4+ T-cell-mediated experimental autoimmune myocarditis.87 Cytokines
play critical roles in accentuating or regulating autoimmunity; hence, cytokines
represent new therapeutic targets in the treatment and prevention of autoimmunity-
mediated myocarditis and cardiomyopathy. Curcumin is a potent inhibitor of
inflammation and autoimmune diseases88 and recent studies have shown that cur-
cumin inhibits myocardial inflammation associated with ischemia.89,90 However,
there is no study thus far examining the effect of curcumin in human or animal
models of autoimmune myocarditis.

10. CURCUMIN AND SYSTEMIC LUPUS ERYTHROMATOSUS

Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by
the presence of multiple autoantibodies that react with various components of
the cell nucleus.91 Specific autoantibodies might correlate with particular organ
involvement and prognosis in SLE and related autoimmune conditions. Many
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autoantibodies, such as SS-A and SS-B and anti-Smith, double-stranded DNA
(dsDNA) have been shown to be pathogenic in SLE. A higher titer of dsDNA and
its deposition along the glomeruli is associated with active glomerulonephritis,
and antiphospholipid antibodies are associated with a hypercoagulable state in
SLE.92,93 Malar rash, discoid rash, photosensitivity, oral ulcers, arthritis, serosi-
tis, renal disorder, neuropsychiatric disorder, hematologic disorder, immunologic
disorder, and antinuclear antibody are the symptoms of SLE. Therapy for SLE de-
pends on the particular organ system involved. Patients with minor manifestations
can often be controlled with low-dose steroids, but moderate and severe disease
might require higher doses of steroids or other immunosuppressive agents. A great
deal of research is currently ongoing to assess the efficacy of targeting B-cells
with specific inhibitors.94,95 Although curcumin has been known to inhibit B-cell
activation in inflammation, there is no study examining the effect of curcumin in
human or animal models of SLE.

11. CURCUMIN AND MYASTHENIA GRAVIS

Myesthenia gravis (MG) is an autoantibody-mediated neuromuscular disease.96

Weakness and fatigability of voluntary muscles characterize both MG and experi-
mental autoimmune MG (EAMG).96−98 Although the autoantibodies produced by
B-cells cause the symptoms of MG, there is ample evidence that T-cells have a
key role in the etiopathology of the disease in humans and animals.99,100 Peptides
representing different sequences of the human acetylcholine receptor (AchR) �-
subunit or its peptides p195-212 and p259-271 are able to stimulate the peripheral
blood lymphocytes (PBL) of patients with MG.96,97 EAMG can be induced in
mice and rats by immunization with AChR in complete Freund’s adjuvant.99,100

The cytokines IFN-� and IL-12 upregulate and IFN-� downregulates the patho-
genesis of EAMG.101,102 However, the Th2 cytokine IL-4 fails to play a significant
role in the development of antibody-mediated EAMG. Antigen-specific tolerance
and downregulation of pathogenic cytokines could achieve effective therapy of
EAMG and probably MG. Although curcumin has been shown to inhibit inflam-
matory cytokines, there is no study examining the use of curcumin in the treatment
of myasthenia gravis.

12. CURCUMIN REGULATION OF AUTOIMMUNE CELLS

Antigen-presenting cells such as macrophage, microglia, and dendritic cells play
a critical role in mediating innate immunity and pathogenesis of autoimmune
diseases.103 Toll-like receptors (TLRs) are a family of cell-surface receptors ex-
pressed on APCs that are key components of the innate immune response.104 When
microbial ligands or autoantigens engage a TLR, a cascade of signaling through
the NF-�B pathway will be initiated, leading to secretion of inflammatory cy-
tokines, including IL-12, NO, IL-1�, and TNF-�, and surface receptors. CD40
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Figure 2. Curcumin regulates autoimmune cells. Upon interaction with autoimmune T-

cells, the professional APCs secrete proinflammatory cytokines, which, in turn, induce the

differentiation of autoimmune T- and B-cells and secretion of autoantibodies and inflam-

matory cytokines, resulting in target-organ destruction. Curcumin targets activation and

differentiation of APC, T- and B-cells, secretion of inflam-matory cytokines, and target-

organ destruction in autoimmune diseases.

is another receptor that activates APCs upon interaction with CD40L expression
on Th1 cells, resulting in the secretion of inflammatory cytokines.105 There is
emerging evidence that TLRs and CD40 are involved in the pathophysiology of
autoimmune diseases.104,105 Recent studies have shown that curcumin inhibits
lipopolysaccharide (LPS)-induced expression of TLR2 in mouse macrophages106

and TLR4-dependent chemokine MIP-2 expression in kidney cells.107Further in-
vestigations are required to define the molecular mechanisms in the regulation of
innate immune responses by curcumin in autoimmune diseases.

Among the many lymphocytes, the CD4+ Th1 cells play critical roles in medi-
ating autoimmune diseases, including MS, RA, type 1 diabetes, SLE, myocarditis,
thyroiditis, and uveitis.108 Systematic studies in human and animal models demon-
strate that inflammatory cytokines such as IFN-� and lymphotoxin produced by
Th1 cells determine the final outcome of these autoimmune diseases. Alternatively,
CD4+ type 2 helper T-cells (Th2) represent an anti-inflammatory population of
lymphocytes that produce large amounts of immunoregulatory cytokines (e.g.,
IL-4 and IL-5).2 Earlier studies have shown that curcumin inhibits neural antigen-
induced Th1 differentiation in an EAE model of multiple sclerosis.5 Curcumin
also inhibits IL-12-induced Th1 differentiation in culture,5,109 suggesting that the
regulation of Th1 differentiation is a mechanism by which curcumin inhibits Th1-
cell-mediated autoimmune diseases (Figure 2).
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B-Lymphocytes also play a key role in mediating autoimmune responses by pro-
ducing antibodies, acting as APCs, providing support to other mononuclear cells,
and contributing directly to inflammatory pathways. It has long been recognized
that auto-antibodies produced by B-cells play a critical role in the pathogenesis of
autoimmune diseases such as myasthenia gravis and SLE.3,110 The autoantibodies
present in the cerebrospinal fluid of patients with MS recognize myelin antigens,
suggesting the importance of B-cells in the pathogenesis of Th1-cell-mediated
autoimmune diseases.111 These studies provide a rationale for targeting B-cells as
a potential therapeutic strategy in autoimmune disorders.112 Further investigations
are required to examine the effect of curcumin on B-cell activation and antibody
production in autoimmune diseases.

There are several lymphocyte subsets that can regulate autoimmune diseases.
The CD4+ Th2 cells that secrete IL-4 are known to inhibit Th1 responses and Th1-
cell-mediated autoimmune diseases. CD4+CD25+ regulatory T-cells secrete IL-
10 and transforming growth factor (TGF)-� and suppress CD4+ and CD8+ T-cell
responses in autoimmune diseases.113,114 NKT cells that express TCR and NKR
recognize glycolipids presented in the context of CD1d, resulting in the secretion
of IFN-� and IL-4, and they regulate Th1/Th2 differentiation in autoimmune
diseases. Although there is no study examining the effect of curcumin on Treg or
NKT cells in autoimmune diseases,115,116 understanding the effect of curcumin
on these regulatory cells is important for determining its mechanism of action in
autoimmune diseases.

13. CURCUMIN REGULATES INFLAMMATORY CYTOKINES
IN AUTOIMMUNE DISEASES

The organ-specific autoimmune diseases are characterized by the presence of
many inflammatory cytokines in the target organs. (See Table 2.) Among the
many proinflammatory cytokines, TNF-�, IL-1�, and IL-12 play critical roles in
the pathogenesis of autoimmune diseases, whereas anti-inflammatory cytokines
such as TGF-�, IFN-�, IL-10, and IL-4 confer recovery. Thus, the amelioration
of autoimmune diseases by curcumin might be associated with the inhibition of

Table 2. Curcumin regulates inflammatory cytokines.

AUTOIMMUNE DISEASE INFLAMMATORY CYTOKINES REFERENCE

MS No report —

EAE Inhibits IL-12 and IFN� (5)

Type I diabetes No report —

RA Inhibits TNF�, IL-1, IL-6, NO, IL-12, IFN� (117, 118, 120)

Psoriasis No report —

IBD Inhibits IL-1�, TNF�, enhances IL-10 (24, 121–124)

Myocarditis No report —

SLE No report —

Myasthenia gravis No report —
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proinflammatory cytokines or upregulation of anti-inflammatory cytokines. TNF-
� is a proinflammatory cytokine produced by macrophages, polymorphonuclear
cells, mast cells, NK cells, activated T-cells, and endothelial cells.117 When stimu-
lated with TNF-�, the target cells produce cytokines, chemokines, iNOS, COX-2,
and adhesion molecules.118 Overproduction of TNF-� is associated with septic
shock, MS, psoriasis, RA, and IBD. The importance of TNF-� in inflammation
has been demonstrated by the efficacy of TNF-��-targeting agents in the treatment
of autoimmune diseases.119,120

Earlier studies have shown that curcumin inhibits TNF-� production and TNF-
�-induced responses in immune cells.24,121−124 IL-� is another proinflammatory
cytokine that also plays a key role in mediating cartilage degradation in osteoarthri-
tis (OA) and RA. At the cellular level, IL-� activates matrix-degrading enzymes,
downregulates the expression of matrix components, and induces chondrocyte
apoptosis.125 Curcumin inhibits IL-1� secretion from macrophage cells and IL-
1�-induced responses in immune cells.126 Curcumin also inhibits IL-�-induced de-
generative changes and caspase-3 activation in human chondrocytes. These studies
suggest that curcumin targets proinflammatory cytokines in autoimmune diseases
(Table 2).

14. CURCUMIN REGULATION OF IL-12 FAMILY CYTOKINES
IN AUTOIMMUNE DISEASES

Interleukin-12, IL-23 and IL-27 are three IL-12 family cytokines produced by
macrophage, microglia, and dendritic cells that play critical roles in the patho-
genesis of autoimmune diseases. (See Figure 3.) The biologically active IL-12
is a 70-kDa heterodimeric protein composed of covalently linked p35 and p40
subunits.127 IL-12 induces T-cell proliferation, Th1 differentiation, and pathogen-
esis of autoimmune diseases. The increased expression of IL-12 in the target and
lymphoid organs has been shown in many autoimmune diseases. Interestingly,
treatment with neutralizing anti-IL-12 antibodies or agents that inhibit IL-12 pro-
duction was sufficient to inhibit the pathogenesis of autoimmune diseases.128−130

Interleukin-23 is another IL-12 family heterodimeric cytokine composed of a
common IL-12 p40 subunit and an IL-23 p19 subunit specific to IL-23.131 Like
IL-12, IL-23 is also secreted by macrophage, microglia, and dendritic cells that
induce the differentiation of ThIL-17 from memory T-cells and pathogenesis of
autoimmune disease.132,133 Targeted disruption of IL-23 p19 was effective in pre-
venting the pathogenesis of EAE and suggested that IL-23 plays a critical role in
the pathogenesis of EAE.134 Recent studies have also shown the importance of
T-bet transcription factor in the differentiation of Th1 cells.135 IFN-� and IL-27
are potent inducers of T-bet in naive T-cells,136 and targeted disruption or siRNA
inhibition of T-bet is sufficient to prevent the pathogenesis of EAE137,138 IL-27
is a heterodimeric cytokine composed of EBI3 and IL-27 p28 that induces the
proliferation of naive CD4+ T-cells.139 Recent studies have also shown the inhi-
bition of EAE by neutralizing antibodies to IL-27 in mice.140 Thus, a thorough
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Figure 3. Curcumin inhibits IL-12 in autoimmune diseases. Activation of macrophage,

microglia, and dendritic cells through TLR/CD40 leads to secretion of IL-12, IL-23, and IL-

27 and differentiation of Th1 and ThIL-17 cells, which mediate autoimmune inflammation

and organ destruction. Curcumin inhibits IL-12 family cytokines and prevents organ-specific

autoimmune diseases.

understanding of the effect of curcumin on the activation of IL-12/IFN-� , IL-
23/IL-17, and IL-27/T-bet axes is essential to understand its mechanism of action
in autoimmune diseases (Figure 3). Because Th2 cytokines such as IL-4, IFN-�,
and IL-10 inhibit the activation of macrophage and microglial cells, expression of
inflammatory cytokines, and differentiation of Th1 cells, it is important to test the
effect of curcumin on these cytokines in autoimmune diseases as well.108,141

15. CURCUMIN REGULATION OF NF-�B PATHWAY
IN AUTOIMMUNE DISEASES

The IL-12 family cytokines are produced by macrophage, microglia and dendritic
cells in response to autoantigens, TLR ligands and CD40 ligands.127 In earlier
studies, we and others have shown that autoimmune cells secrete IL-12 in response
to antigens and that this response was inhibited by treatment with curcumin in
culture.5,110 Curcumin also inhibits LPS and CD40L-induced secretion of IL-12
from macrophage, microglia and dendritic cells.5,110The induction of IL-12/IL-23
gene expression involves activation of the NF-�B signaling pathway in APCs.142

NF-�B is a heterodimeric transcription factor composed of p50 and p65 subunits
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from the Rel family of proteins. It is sequestered in the cytoplasm as an inactive
complex when associated with its inhibitor, I�B.

Upon stimulation with specific inducers, I�B becomes phosphorylated and de-
graded through proteosome-mediated pathways. The activated NF-�B then translo-
cates into the nucleus and binds to specific 10-bp response elements of the IL-
12/-23/-27 gene.142,145 Activation of NF-�B is a complex process involving the
successive action of proximal NF-�B-inducing kinase (NIK) and the I�B kinases,
IKK�, IKK�, and IKK� .146 The expression of the IL-12 p40 subunit is controlled
by proximal cis-acting elements (NF-�B half-site) interacting with NF-�B family
members.147 Inhibitors of IL-12 gene expression, including retinoids, acetyl sal-
icylic acid, and 1,25 dihydroxyvitamin D3, block NF-�B activation and binding
within the IL-12p40 promoter.148,149 Earlier studies have also shown that cur-
cumin inhibits the NF-�B pathway leading to IL-12 gene expression in phagocytic
cells,43,143, suggesting that the blockade of the NF-�B pathway is a mechanism
by which curcumin regulates IL-12 production in autoimmune diseases (Figure 4,
Table 3).

16. CURCUMIN REGULATION OF JAK–STAT SIGNALING
PATHWAY IN AUTOIMMUNE DISEASES

The antigen-induced proliferation of autoimmune T-cells is a two-step process
in which signaling through the T-cell receptor (signal 1) drives T-cells from the
resting G0 phase to the activated G1 phase of the cell cycle, whereas signaling
through the IL-2 or IL-12 receptor (second signal) is required for T-cells to transit
from the G1 phase to the S/G2/M phase of the cell cycle (proliferation). IL-12
is a potent inducer of G1 to S/G2/M phase transition and differentiation of Th1
cells that are critical in the pathogenesis of EAE. IL-12 signals through IL-12
receptor �1 and �2, members of the gp130 cytokine receptor super-family, ex-
pressed primarily on activated NK cells and T-cells. Coexpression of IL-12R�1
and Il-12R�2 leads to the formation of high-affinity IL-12 receptors.127 Signal-
ing through its receptor, IL-12 induces tyrosine phosphorylation and activation of
JAK2, TYK2, STAT3, and STAT4 in T-cells and NK cells.150,151 Activation of the
JAK–STAT pathway leads to the transcription of IL-12 response genes associated
with proliferation, Th1 differentiation, and IFN-� production. IL-23 receptor is
composed of a common IL-12R�1 and a specific IL-23 receptor subunit.152 Sig-
naling through its receptor, IL-23 induces the activation of JAK2, TYK2, STAT1,
STAT3, STAT4, and STAT5 in T-cells.152 Activation of the JAK–STAT pathway
leads to transcription of IL-23 response genes, including IL-17, which are as-
sociated with the proliferation of memory T-cells,153 whereas IL-27 and IFN-�
activate a specific JAK–STAT pathway in T-cells, resulting in the induction of
T-bet in naive T-cells.154 Modulation of cytokine signaling by targeting protein ty-
rosine kinases or transcription factors has been considered a novel strategy for the
treatment of autoimmune diseases.155,156 We have shown earlier that the blockade
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Figure 4. Curcumin targets the NF-�B pathway in autoimmune disease. The activation of

the NF-�B pathway through TLR/CD40 involving NIK/IKK-mediated phosphorylation of

I�B leads to expression of IL-12 and other inflammatory cytokines and pathogenesis of

autoimmune diseases. Curcumin ameliorates autoimmune diseases by targeting the NF-�B

signaling pathway, leading to the secretion of IL-12 and other inflammatory cytokines.

Table 3. Curcumin targets inflammatory signaling molecules in autoimmune diseases.

AUTOIMMUNE
DISEASE INFLAMMATORY CYTOKINES REFERENCE

MS No report —

EAE Inhibits IL-12-induced JAK- STAT pathway (5)

Type I diabetes No report —

RA Inhibits AP-1, ERK, p38, JNK, MAPK, NF-�B (43,143, 144)

IBD Inhibits NF-�B, p38 MAPK (43)

Psoriasis Inhibits AP-1, Lipoxigenase, Phosphorylase kinase (38, 39)

Myocarditis No report —

SLE No report —

Myasthenia gravis No report —
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Figure 5. Curcumin regulates IL-12 signaling in T-cells. The IL-12 family cytokines, IL-

12, IL-23, and IL-27, signals through the JAK–STAT pathway, leading to induction of

IFN-� /T-bet/IL-17 genes associated with Th1 and ThIL-17 differentiation, autoimmune

inflammation, and target-organ destruction. Curcumin targets IL-12 signaling through the

JAK–STAT pathway, leading to Th1 differentiation in autoimmune diseases.

of IL-12 signaling through the JAK–STAT pathway by treatment with a JAK-2 in-
hibitor, tyrphostin AG490, peroxisome proliferator-activated receptor-� (PPAR� )
ligands, Quercetin, and vitamin D inhibit Th1 differentiation and pathogene-
sis of EAE.5,51,157−159 We have also shown recently that curcumin inhibits IL-
12-induced tyrosine phosphorylation of JAK2, TYK2, STAT3, and STAT4 in
T-cells, differentiation of Th1 cells, and pathogenesis of EAE.5,157 These find-
ings suggest that IL-12 signaling through the JAK–STAT pathway is a molec-
ular target in the regulation of autoimmune diseases by curcumin (Figure 5,
Table 3).

17. CURCUMIN REGULATION OF MAPK AND AKT PATHWAYS
IN AUTOIMMUNE DISEASES

MAPK and AKT and other immune signaling pathways also play critical roles in
the pathogenesis of autoimmune diseases. It was interesting to note that curcumin
attenuates inflammatory activity in association with the inhibition of MAPKs in
an experimental model of IBD. More recent work has demonstrated that the use
of p38 MAPK inhibitors can be effective for human autoimmune diseases. Thus,
it was anticipated that the inflammatory response might entail activation of p38
MAPK in the infiltrating immune cells.160 The exact role played by activated p38
MAPKs at these sites remains unclear, but it might involve secretion of chemokines,
neuropeptides and other trophic factors. Similarly, activation of the PI3K–AKT
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signaling pathway has been linked to macrophage activation and inflammation.161

Thus, the inhibition of MAPK and AKT might be other molecular targets in the
amelioration of autoimmune diseases by curcumin (Table 3).162

18. CURCUMIN REGULATES CHEMOKINES
IN AUTOIMMUNE DISEASES

Chemokines are small heparin-binding proteins that promote the movement of
circulating leukocytes to sites of inflammation and injury throughout the body and
play crucial roles in mediating adaptive immune responses and pathogenesis of a
variety of autoimmune diseases. There are approximately 50 human chemokines
grouped into 4 families on the basis of differences in structure and function.163

The largest family consists of CC chemokines, which attract mononuclear cells
to sites of chronic inflammation. The most studied CC chemokine, monocyte
chemoattractant protein 1 (MCP-1), is a potent agonist for monocytes, dendritic
cells, memory T-cells, and basophils. Other CC chemokines include macrophage
inflammatory protein (MIP)-1� (CCL3), MIP-1� (CCL4), and RANTES (CCL5).
IL-8 (CXCL8) is the prototypic CXC chemokine that attracts polymorphonuclear
leukocytes to sites of acute inflammation. CXCL8 also activates monocytes and
might direct the recruitment of these cells to vascular lesions. Chemokines af-
fect cells by activating surface receptors that are seven-transmembrane-domain
G-protein-coupled receptors. The binding of the chemokine to the receptor ac-
tivates signaling cascades that culminate in the rearrangement, change of shape,
and cell movement of actin. Chemokine receptors are important drug targets that
regulate inflammation and antoimmunity.164,163There are reports showing the in-
hibition of chemokine and chemokine receptors by curcumin in immune cells,166

suggesting this is a molecular target in the regulation of autoimmune diseases by
curcumin.

19. THERAPEUTIC POTENTIAL AND FUTURE PROSPECTS
OF CURCUMIN IN AUTOIMMUNE DISEASES

The ability of herbal medicines and dietary supplements to alleviate pain and
clinical symptoms has led to an increased use of complementary and alternative
medicine in patients with autoimmune diseases. Although many more new com-
pounds are being isolated and tested for their anti-inflammatory and anticancer
properties, these nutraceuticals are of considerable interest because they are ef-
fective, inexpensive, and relatively safe. The protective effect of curcumin in the
treatment of autoimmune disease has been proven, but its use in the treatment
of many human autoimmune diseases is yet to be determined. With the available
information, it is difficult to predict the type of dietary modifications containing
curcumin that can better reduce the risk, incidence, or severity of autoimmune dis-
eases. Although it is generally believed that the nutraceuticals induce minor side
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effects during dietary consumption at low levels, one needs to be extremely cau-
tious about the use of purified active compounds such as curcumin at higher doses
for therapeutic purposes. Much work needs to be done to determine the effective
dose, safe regimens, and molecular mechanisms of action before these nutraceu-
ticals can be used for the treatment of human autoimmune diseases. We believe
that curcumin ameliorates autoimmune diseases by inhibiting proinflammatory
responses or by enhancing anti-inflammatory responses in the target organs. Inter-
estingly, the research on nutraceuticals has now taken a new dimension that will
unravel many unanswered questions on the use of curcumin in the treatment of
organ-specific autoimmune diseases.

20. CONCLUSION

Autoimmune diseases such as multiple sclerosis, rheumatoid arthritis, type 1 dia-
betes, inflammatory bowel disease, myocarditis, thyroiditis, uveitis, systemic lu-
pus erythromatosis, and myasthenia gravis are common health problems affect-
ing more than 5% of the population worldwide. Although the etiologies are not
known, these autoimmune diseases manifest following deregulated activation of
self-reactive immune cells influenced by genetic, environmental, and behavioral
factors. Curcumin is a polyphenolic compound isolated from the rhizome of the
plant Curcuma longa that has traditionally been used in the treatment of inflam-
mation and cancer. Recent studies have shown promise in the use of curcumin to
treat autoimmune diseases.

REFERENCES

1. C. A. Janeway, Jr., The immune system evolved to discriminate infectious nonself

from noninfectious self. Immunol Today 13, 11 (1992).

2. I. J. Crane and J. V. Forrester, Th1 and Th2 lymphocytes in autoimmune disease. Crit
Rev Immunol 25, 75 (2005).

3. T. Tsubata, B cell abnormality and autoimmune disorders. Autoimmunity 38, 331

(2005).

4. J. J. Bright, C. Du, M. Coon, S. Sriram, and S. J. Klaus, Prevention of experimental

allergic encephalomyelitis via inhibition of IL-12 signaling and IL-12-mediated Th1

differentiation: An effect of the novel anti-inflammatory drug lisofylline. J Immunol
161, 7015 (1998).

5. C. Natarajan and J. J. Bright, Curcumin inhibits experimental allergic encephalomyeli-

tis by blocking IL-12 signaling through Janus kinase-STAT pathway in T lymphocytes.

J Immunol 168, 6506 (2002).

6. P. Friedl, A. T. den Boer, and M. Gunzer, Tuning immune responses: Diversity and

adaptation of the immunological synapse. Nat Rev Immunol 5, 532 (2005).

7. M. Kronenberg, Self-tolerance and autoimmunity. Cell 65, 537 (1991).

8. S. Anderton, C. Burkhart, B. Metzler, and D. Wraith, Mechanisms of central and

peripheral T-cell tolerance: Lessons from experimental models of multiple sclerosis.

Immunol Rev 169, 123 (1999).



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal April 16, 2007 13:23

442 BRIGHT

9. A. W. Goldrath and S. M. Hedrick, Central tolerance matters.[comment]. Immunity
23, 113 (2005).

10. E. Thorsby and B. A. Lie, HLA associated genetic predisposition to autoimmune dis-

eases: Genes involved and possible mechanisms. Transplant Immunol 14, 175 (2005).

11. S. G. Sukkar and E. Rossi, Oxidative stress and nutritional prevention in autoimmune

rheumatic diseases. Autoimmun Rev 3, 199 (2004).

12. S. M. Rates, Plants as source of drugs. Toxicon 39, 603 (2001).

13. M. M. Chan, C. T. Ho, and H. I. Huang, Effects of three dietary phytochemicals from

tea, rosemary and turmeric on inflammation-induced nitrite production. Cancer Lett
96, 23 (1995).

14. Y. Surh, Molecular mechanisms of chemopreventive effects of selected dietary and

medicinal phenolic substances. Mutat Res. 428, 305 (1999).

15. R. B. Arora, V. Kapoor, N. Basu, and A. P. Jain, Anti-inflammatory studies on Curcuma

longa (turmeric). Indian J Med Res. 59, 1289 (1971).

16. D. Chandra and S. S. Gupta, Anti-inflammatory and anti-arthritic activity of volatile

oil of Curcuma longa (Haldi). Indian J Med Res 60, 138 (1972).

17. N. Ghatak and N. Basu, Sodium curcuminate as an effective anti-inflammatory agent.

Indian J Exp Biol 10, 235 (1972).

18. A. Mukhopadhyay, N. Basu, N. Ghatak, and P. K. Gujral, Anti-inflammatory and

irritant activities of curcumin analogues in rats. Agents Actions 12, 508 (1982).

19. R. C. Srimal and B. N. Dhawan, Pharmacology of diferuloyl methane (curcumin), a

non-steroidal anti-inflammatory agent. J Pharm Pharmacol 25, 447 (1973).

20. H. P. Ammon, H. Safayhi, T. Mack, and J. Sabieraj, Mechanism of antiinflammatory

actions of curcumine and boswellic acids. J Ethanopharmacol 38, 113 (1993).

21. A. C. Reddy and B. R. Lokesh, Studies on spice principles as antioxidants in the

inhibition of lipid peroxidation of rat liver microsomes, Mol Cell Biochem. 111, 117

(1992).

22. M. N.Sreejayan Rao, Curcuminoids as potent inhibitors of lipid peroxidation. J Pharm
Pharmacol 46, 1013 (1994).

23. I. Brouet and H. Ohshima, Curcumin, an anti-tumour promoter and anti-inflammatory

agent, inhibits induction of nitric oxide synthase in activated macrophages. Biochem
Biophys Res Commun 206, 533 (1995).

24. M. M. Chan, H. I. Huang, M. R. Fenton, and D. Fong, In vivo inhibition of nitric

oxide synthase gene expression by curcumin, a cancer preventive natural product with

anti-inflammatory properties. Biochem Pharmacol 55, 1955 (1998).

25. F. Zhang, N. K. Altorki, J. R. Mestre, K. Subbaramaiah, and A. J. Dannenberg, Cur-

cumin inhibits cyclooxygenase-2 transcription in bile acid- and phorbol ester-treated

human gastrointestinal epithelial cells. Carcinogenesis 20, 445 (1999).

26. J. Y. Liu, S. J. Lin, and J. K. Lin, Inhibitory effects of curcumin on protein kinase

C activity induced by 12-O-tetradecanoyl-phorbol-13-acetate in NIH 3T3 cells. Car-
cinogenesis 14, 857 (1993).

27. S. S. Kakar and D. Roy, Curcumin inhibits TPA induced expression of c-fos, c-jun and

c-myc proto-oncogenes messenger RNAs in mouse skin. Cancer Lett 87, 85 (1994).

28. A. H. Conney, T. Lysz, T. Ferraro, T. F. Abidi, P. S. Manchand, J. D. Laskin, and M. T.

Huang, Inhibitory effect of curcumin and some related dietary compounds on tumor

promotion and arachidonic acid metabolism in mouse skin. Adv Enzyme Regul 31,

385 (1991).

29. Y. J. Surh, K. S. Chun, H. H. Cha, S. S. Han, Y. S. Keum, K. K. Park, and S. S. Lee,

Molecular mechanisms underlying chemopreventive activities of anti-inflammatory



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal April 16, 2007 13:23

CURCUMIN AND AUTOIMMUNE DISEASE 443

phytochemicals: Down-regulation of COX-2 and iNOS through suppression of NF-

kappa B activation. Mutat Res 480–481, 243 (2001).

30. P. Claeson, U. Pongprayoon, T. Sematong, P. Tuchinada, V. Reutrakul, P. Soontorn-

saratune, an W. C. Taylor, Non-phenolic linear diarylheptanoids from Curcuma xan-
thorrhiza. A novel type of topical anti-inflammatory agents: structure–activity rela-

tionship. Planta Med 62, 236 (1996).

31. P. Venkatesan and M. N. Rao, Structure–activity relationships for the inhibition of lipid

peroxidation and the scavenging of free radicals by synthetic symmetrical curcumin

analogues. J Pharm Pharmacol 52, 1123 (2000).

32. C. Natarajan and J. J. Bright, Peroxisome proliferator-activated receptor-gamma ag-

onists inhibit experimental allergic encephalomyelitis by blocking IL-12 production,

IL-12 signaling and Th1 differentiation. Genes Immun 3, 59 (2002).

33. M. Srinivasan, Effect of curcumin on blood sugar as seen in a diabetic subject. Indian
J Med Sci 26, 269 (1972).

34. P. S. Babu and K. Srinivasan, Influence of dietary curcumin and cholesterol on the

progression of experimentally induced diabetes in albino rat. Mol Cell Biochem 152,

13 (1995).

35. A. Srivivasan, V. P. Menon, V. Periaswamy, and K. N. Rajasekaran, Protection of

pancreatic beta-cell by the potential antioxidant bis-o-hydroxycinnamoyl methane,

analogue of natural curcuminoid in experimental diabetes. J Pharm Pharm Sci 6, 327

(2003).

36. S. D. Deodhar, R. Sethi, and R. C. Srimal, Preliminary study on antirheumatic activity

of curcumin (diferuloyl methane). Indian J Med Res 71, 632 (1980).

37. J. L. Funk, J. N. Oyarzo, J. B. Frye, G. Chen, R. C. Lantz, S. D. Jolad, A. M. Solyom, and

B. N. Timmermann, Turmeric extracts containing curcuminoids prevent experimental

rheumatoid arthritis. J Nat Prod 69, 351 (2006).

38. M. C. Heng, M. K. Song, J. Harker, and M. K. Heng, Drug-induced suppression of

phosphorylase kinase activity correlates with resolution of psoriasis as assessed by

clinical, histological and immunohistochemical parameters. Br J Dermatol 143, 937

(2000).

39. B. Bosman, Testing of lipoxygenase inhibitors, cyclooxygenase inhibitors, drugs with

immunomodulating properties and some reference antipsoriatic drugs in the modified

mouse tail test, an animal model of psoriasis, Skin Pharmacol 7, 324 (1994).

40. P. R. Holt, S. Katz, and R. Kirshoff, Curcumin therapy in inflammatory bowel disease,

a pilot study. Dig Dis Sci 50, 2191 (2005).

41. K. Sugimoto, H. Hanai, K. Tozawa, T. Aoshi, M. Uchijima, T. Nagata, and Y. Koide,

Curcumin prevents and ameliorates trinitrobenzene sulfonic acid-induced colitis in

mice. Gastroenterology 123, 1912 (2002).

42. B. Salh, K. Assi, V. Templeman, K. Parhar, D. Owen, A. Gomez-Munoz, and

K. Jacobson, Curcumin attenuates DNB-induced murine colitis. Am J Physiol Gas-
trointest Liver Physiol 285, G235 (2003).

43. Y. T. Jian, G. F. Mai, J. D. Wang, Y. L. Zhang, R. C. Luo, and Y. X. Fang, Preventive

and therapeutic effects of NF-kappaB inhibitor curcumin in rats colitis induced by

trinitrobenzene sulfonic acid. World J Gastroenterol 11, 1747 (2005).

44. G. Dean, How many people in the world have multiple sclerosis? Neuroepidemiology
13, 1 (1994).

45. S. Donoghue and C. Greenlees, Drugs in development for the treatment of multiple

sclerosis, antigen non-specific therapies: An update. Expert Opin Investig Drugs 9,

167 (2000).



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal April 16, 2007 13:23

444 BRIGHT

46. J. W. Prineas, R. O. Barnard, T. Revesz, E. E. Kwon, L. Sharer, and E. S. Cho, Multiple

sclerosis. Pathology of recurrent lesions. Brain 116, 681 (1993).

47. B. D. Trapp, J. Peterson, R. M. Ransohoff, R. Rudick, S. Mork, and L. Bo, Axonal

transection in the lesions of multiple sclerosis. [see comment]. N Engl J Med 338, 278

(1998).

48. C. S. Raine, Multiple sclerosis: Immunopathologic mechanisms in the progression

and resolution of inflammatory demyelination. Res Publ Assoc Res Nerv Ment Dis 68,

37 (1990).

49. E. M. Frohman, M. K. Racke, and C. S. Raine, Multiple sclerosis: The plaque and its

pathogenesis. N Engl J Med 354, 942 (2006).

50. J. J. Bright, B. F. Musuro, C. Du, and S. Sriram, Expression of IL-12 in CNS and

lymphoid organs of mice with experimental allergic encephalitis. J Neuroimmunol
82, 22 (1998).

51. J. J. Bright, C. Du, and S. Sriram, Tyrphostin B42 inhibits IL-12-induced tyrosine

phosphorylation and activation of Janus kinase-2 and prevents experimental allergic

encephalomyelitis. J Immunol 162, 6255 (1999).

52. G. Muthian, H. P. Raikwar, C. Johnson, J. Rajasingh, A. Kalgutkar, L. J. Marnett, and

J. J. Bright, COX-2 inhibitors modulate IL-12 signaling through JAK–STAT pathway

leading to Th1 response in experimental allergic encephalomyelitis. J Clin Immunol
26, 73 (2006).

53. D. Devendra, E. Liu, and G. S. Eisenbarth, Type 1 diabetes: Recent developments. Br
Med J 328, 750 (2004).

54. G. S. Eisenbarth, Type I diabetes mellitus. A chronic autoimmune disease. N Engl
J Med 314, 1360 (1986).

55. J. M. Barker, J. Yu, L. Yu, J. Wang, D. Miao, F. Bao, E. Hoffenberg, J. C. Nelson, P.

A. Gottlieb, M. Rewers, and G. S. Eisenbarth, Autoantibody “subspecificity” in type

1 diabetes: Risk for organ-specific autoimmunity clusters in distinct groups. Diabetes
Care 28, 850 (2005).

56. O. Kordonouri, R. Hartmann, D. Deiss, M. Wilms, and A. Gruters-Kieslich, Natural

course of autoimmune thyroiditis in type 1 diabetes: Association with gender, age,

diabetes duration, and puberty. Arch Dis Child 90, 411 (2005).

57. M. J. Franz, J. P. Bantle, C. A. Beebe, J. D. Brunzell, J.-L. Chiasson, A. Garg, L.

A. Holzmeister, B. Hoogwerf, E. Mayer-Davis, A. D. Mooradian, J. Q. Purnell, M.

Wheeler, American Diabetes, Association, Nutrition principles and recommendations

in diabetes. Diabetes Care 27, S36 (2004).

58. G. S. Sidhu, H. Mani, J. P. Gaddipati, A. K. Singh, P. Seth, K. K. Banaudha, G. K.

Patnaik, and R. K. Maheshwari, Curcumin enhances wound healing in streptozotocin

induced diabetic rats and genetically diabetic mice. Wound Repair Regen 7, 362 (1999).

59. P. Suresh Babu and K. Srinivasan, Amelioration of renal lesions associated with dia-

betes by dietary curcumin in streptozotocin diabetic rats. Mol Cell Biochem 181, 87

(1998).

60. P. A. Kumar, P. Suryanarayana, P. Y. Reddy, and G. B. Reddy, Modulation of alpha-

crystallin chaperone activity in diabetic rat lens by curcumin. Mol Vis 11, 561 (2005).

61. P. Suryanarayana, M. Saraswat, T. Mrudula, T.P. Krishna, K. Krishnaswamy, and G.

B. Reddy, Curcumin and turmeric delay streptozotocin-induced diabetic cataract in

rats. Invest Ophthalmol Vis Sci 46, 2092 (2005)

62. G. S. Firestein, Immunologic mechanisms in the pathogenesis of rheumatoid arthritis.

J Clin Rheumatol 11, S39 (2005).



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal April 16, 2007 13:23

CURCUMIN AND AUTOIMMUNE DISEASE 445

63. C. J. Edwards and C. Cooper, Early environmental factors and rheumatoid arthritis.

Clin Exp Immunol 143, 1 (2006).

64. E. M. Ruderman, Current and future pharmaceutical therapy for rheumatoid arthritis.

Curr Pharm Des 11, 671 (2005).

65. A. Liacini, J. Sylvester, W. Q. Li, and M. Zafarullah, Inhibition of interleukin-1-

stimulated MAP kinases, activating protein-1 (AP-1) and nuclear factor kappa B

(NF-kappa B) transcription factors down-regulates matrix metalloproteinase gene ex-

pression in articular chondrocytes. Matrix Biol 21, 251 (2002).

66. A. Liacini, J. Sylvester, W. Q. Li, W. Huang, F. Dehnade, M. Ahmad, an

M. Zafarullah, Induction of matrix metalloproteinase-13 gene expression by TNF-

alpha is mediated by MAP kinases, AP-1, and NF-kappaB transcription factors in

articular chondrocytes. Exp Cell Res 288, 208 (2003).

67. B. B. Aggarwal and S. Shishodia, Suppression of the nuclear factor-kappaB activation

pathway by spice-derived phytochemicals: Reasoning for seasoning. Ann NY Acad Sci
1030, 434 (2004).

68. M. Shakibaei, G. Schulze-Tanzil, T. John, and A. Mobasheri, Curcumin protects hu-

man chondrocytes from IL-l1beta-induced inhibition of collagen type II and beta1-

integrin expression and activation of caspase-3: An immunomorphological study, Ann
Anat 187, 487 (2005).

69. S. Shishodia, G. Sethi, and B. B. Aggarwal, Curcumin: Getting back to the roots. Ann
NY Acad Sci 1056, 206 (2005).

70. A. M. Bowcock, The genetics of psoriasis and autoimmunity. Annu Rev Genomics
Hum Genet 6, 93 (2005).

71. S. Chow, C. Rizzo, L. Ravitskiy, and A. A. Sinha, The role of T cells in cutaneous

autoimmune disease. Autoimmunity 38, 303 (2005).

72. J. G. Krueger and A. Bowcock, Psoriasis pathophysiology: Current concepts of patho-

genesis. Ann Rheum Dis 64, 30 (2005).

73. J. Miquel, A. Bernd, J. M. Sempere, J. Diaz-Alperi, and A. Ramirez, The curcuma

antioxidants: Pharmacological effects and prospects for future clinical use. A review.

Arch Gerontol Geriatr 34, 37 (2002).

74. D. Shi, J. Das, and G. Das, Inflammatory bowel disease requires the interplay between

innate and adaptive immune signals. Cell Res 16, 70 (2006).

75. E. Ricart, R. Panaccione, E. V. Loftus, Jr., W. J. Tremaine, W. S. Harmsen, A. R. Zins-

meister, and W. J. Sandborn, Autoimmune disorders and extraintestinal manifestations

in first-degree familial and sporadic inflammatory bowel disease: A case-control study.

Inflamm Bowel Dis 10, 207 (2004).

76. F. R. Byrne and J. L. Viney, Mouse models of inflammatory bowel disease. Curr Opin
Drug Discov Devel 9, 207 (2006).

77. S. Ardizzone and G. Bianchi Porro, Biologic therapy for inflammatory bowel disease.

Drugs 65, 2253 (2005).

78. E. Domenech, Inflammatory bowel disease: Current therapeutic options. Digestion
73, 67 (2006).

79. A. M. Feldman and D. McNamara, Myocarditis.[see comment]. N Engl J Med 343,

1388 (2000).

80. G. W. Dec, Jr., I. F. Palacios, J. T. Fallon, H. T. Aretz, J. Mills, D. C. Lee, and R.

A. Johnson, Active myocarditis in the spectrum of acute dilated cardiomyopathies.

Clinical features, histologic correlates, and clinical outcome. N Engl J Med 312, 885

(1985).



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal April 16, 2007 13:23

446 BRIGHT

81. R. E. McCarthy 3rd, J. P. Boehmer, R. H. Hruban, G. M. Hutchins, E. K. Kasper,

J. M. Hare, and K. L. Baughman, Long-term outcome of fulminant myocarditis as

compared with acute (nonfulminant) myocarditis.[see comment]. N Engl J Med 342,

690.

82. B. Lauer, M. Schannwell, U. Kuhl, B. E. Strauer, and H. P. Schultheiss, Antimyosin au-

toantibodies are associated with deterioration of systolic and diastolic left ventricular

function in patients with chronic myocarditis. J Am Coll Cardiol 35, 11 (2000).

83. A. L. Caforio, N. J. Mahon, F. Tona, and W. J. McKenna, Circulating cardiac au-

toantibodies in dilated cardiomyopathy and myocarditis, pathogenetic and clinical

significance. Eur J Heart Fail 4, 411 (2002).

84. D. Fairweather, Z. Kaya, G. R. Shellam, C. M. Lawson, and N. R. Rose, From infection

to autoimmunity. J Autoimmun 16, 175 (2001).

85. Y. Furukawa, K. Kobuke, and A. Matsumori, Role of cytokines in autoimmune my-

ocarditis and cardiomyopathy. Autoimmunity 34, 165 (2001).

86. M. Afanasyeva, D. Georgakopoulos, and N. R. Rose, Autoimmune myocarditis: Cel-

lular mediators of cardiac dysfunction. Autoimmun Rev 3, 476 (2004).

87. W. Liu, W.-M. Li, C. Gao, and N.-L. Sun, Effects of atorvastatin on the Th1/Th2 polar-

ization of ongoing experimental autoimmune myocarditis in Lewis rats. J Autoimmun
25, 258 (2005).

88. C. Nirmala and R. Puvanakrishnan, Protective role of curcumin against isoproterenol

induced myocardial infarction in rats. Mol Cell Biochem 159, 85 (1996).

89. C. H. Yeh, T. P. Chen, Y. C. Wu, Y. M. Lin, and P. Jing Lin, Inhibition of NFkappaB

activation with curcumin attenuates plasma inflammatory cytokines surge and car-

diomyocytic apoptosis following cardiac ischemia/reperfusion. J Surg Res 125, 109

(2005).

90. C. H. Yeh, Y. M. Lin, Y. C. Wu, and P. J. Lin, Inhibition of NF-kappa B activation

can attenuate ischemia/reperfusion-induced contractility impairment via decreasing

cardiomyocytic proinflammatory gene up-regulation and matrix metalloproteinase

expression. J Cardiovasc Pharmaco. 45, 301 (2005).

91. R. R. Singh, SLE: Translating lessons from model systems to human disease. Trends
Immunol 26, 572 (2005).

92. R. Lyons, S. Narain, C. Nichols, M. Satoh, and W. H. Reeves, Effective use of autoan-

tibody tests in the diagnosis of systemic autoimmune disease. Ann NY Acad Sci 1050,

217 (2005).

93. G. Nagy, A. Koncz, A. and A. Perl, T- and B-cell abnormalities in systemic lupus

erythematosus. Crit Rev Immunol 25, 123 (2005).

94. J. A. Croker and R. P. Kimberly, SLE: Challenges and candidates in human disease.

Trends Immunol 26 , 580 (2005).

95. S. G. O’Neill and L. Schrieber, Immunotherapy of systemic lupus erythematosus.

Autoimmun Rev 4, 395 (2005).

96. D. B. Drachman, Myasthenia gravis. N Engl J Med 330, 1797 (1994).

97. J. Lindstrom, D. Shelton, and Y. Fujii, Myasthenia gravis. Adv Immunol 42, 233 (1988).

98. K. Shigemoto, S. Kubo, N. Maruyama, N. Hato, H. Yamada, C. Jie, N. Kobayashi, K.

Mominoki, Y. Abe, N. Ueda, and S. Matsuda, Induction of myasthenia by immuniza-

tion against muscle-specific kinase. J Clin Invest. 116, 1016 (2006).

99. D. Asthana, Y. Fujii, G. E. Huston, and J. Lindstrom, Regulation of antibody production

by helper T cell clones in experimental autoimmune myasthenia gravis is mediated by

IL-4 and antigen-specific T cell factors. Clin Immunol Immunopathol 67, 240 (1993).



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal April 16, 2007 13:23

CURCUMIN AND AUTOIMMUNE DISEASE 447

100. G. X. Zhang, B. G. Xiao, M. Bakhiet, P. van der Meide, H. Wigzell, H. Link, and T.

Olsson, Both CD4+ and CD8+ T cells are essential to induce experimental autoimmune

myasthenia gravis. J Exp Med 184, 349 (1996).

101. L. Moiola, F. Galbiati, G. Martino, S. Amadio, E. Brambilla, G. Comi, A. Vincent,

L. M. Grimaldi, and L. Adorini, IL-12 is involved in the induction of experimental

autoimmune myasthenia gravis, an antibody-mediated disease. Eur J Immunol 28,

2487 (1998).

102. S. Sitaraman, D. W. Metzger, R. J. Belloto, . A. J. Infante, and K. A. Wall, Interleukin-

12 enhances clinical experimental autoimmune myasthenia gravis in susceptible but

not resistant mice. J Neuroimmunol 107, 73 (2000).

103. H. Tlaskalova-Hogenova, L. Tuckova, R. Stepankova, T. Hudcovic, L. Palova-

Jelinkova, H. Kozakova, P. Rossmann, D. Sanchez, J. Cinova, T. Hrncir, M. Kverka,

L. Frolova, H. Uhlig, F. Powrie, and P. Bland, Involvement of innate immunity in the

development of inflammatory and autoimmune diseases. Ann NY Acad Sci 1051, 787

(2005).

104. D. N. Cook, D. S. Pisetsky, and D. A. Schwartz, Toll-like receptors in the pathogenesis

of human disease. Nat Immunol 5, 975 92004).

105. G. Cheng and S. P. Schoenberger, CD40 signaling and autoimmunity. Curr Dir Au-
toimmun 5, 51 (2002).

106. 106. H. S. Youn, S. I. Saitoh, K. Miyake, and D. H. Hwang, Inhibition of homodimer-

ization of Toll-like receptor 4 by curcumin. Biochem Pharmacol 72, 62 (2006).

107. S. Kato, Y. Yuzawa, N. Tsuboi, S.Maruyama, Y. Morita, T. Matsuguchi, and S. Matsuo,

Endotoxin-induced chemokine expression in murine peritoneal mesothelial cells: The

role of toll-like receptor 4. J Am Soc Nephrol 15, 1289 (2004).

108. R. S. Liblau, S. M. Singer, and H. O. McDevitt, Th1 and Th2 CD4+ T cells in the

pathogenesis of organ-specific autoimmune diseases.[see comment]. Immunol Today
16, 34 (1995).

109. B. Y. Kang, S. W. Chung, W. Chung, S. Im, S. Y. Hwang, and T. S. Kim, Inhibition of

interleukin-12 production in lipopolysaccharide-activated macrophages by curcumin.

Eur J Pharmacol 384, 191 (1999).

110. B. Y. Kang, Y. J. Song, K. M. Kim, Y. K. Choe, S. Hwang, and T. S. Kim, Curcumin

inhibits Th1 cytokine profile in CD4+ T cells by suppressing interleukin-12 production

in macrophages. Br J Pharmacol 128, 380 (1999).

111. M. Sospedra and R. Martin, Immunology of multiple sclerosis. Annu Rev Immunol
23, 683 (2005).

112. J. C. W. Edwards and G. Cambridge, B-cell targeting in rheumatoid arthritis and other

autoimmune diseases. Nat Rev Immunol 6, 394 (2006).

113. S. Hori, T. Takahashi, and S. Sakaguchi, Control of autoimmunity by naturally arising

regulatory CD4+ T cells. Adv Immunol 81, 331 (2003).

114. L. A. Stephens, D. Gray, and S. M. Anderton, CD4+CD25+ regulatory T cells limit

the risk of autoimmune disease arising from T cell receptor crossreactivity. Proc Natl
Acad Sci USA 102, 17,418 (2005).

115. K. J. Hammond and D. I. Godfrey, NKT cells: Potential targets for autoimmune disease

therapy? Tissue Antigens 59, 353 (2002).

116. S. Sharif, G. A. Arreaza, P. Zucker, Q. S. Mi, and T. L. Delovitch, Regulation of

autoimmune disease by natural killer T cells. J Mol Med 80, 290 (2002).

117. R. M. Strieter, S. L. Kunkel, and R. C. Bone, Role of tumor necrosis factor-alpha in

disease states and inflammation. Crit Care Med 21, S447 (1993).



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal April 16, 2007 13:23

448 BRIGHT

118. H. Korner and J. D. Sedgwick, Tumour necrosis factor and lymphotoxin: Molecular

aspects and role in tissue-specific autoimmunity. Immunol Cell Biol 74, 465 (1996).

119. F. Atzeni, M. Turiel, F. Capsoni, A. Doria, P. Meroni, and P. Sarzi-Puttini, Autoim-

munity and anti-TNF-{alpha} agents. Ann NY Acad Sci 1051, 559 (2005).

120. K. Hosaka, J. Ryu, S. Saitoh, T. Ishii, K. Kuroda, and K. Shimizu, The combined

effects of anti-TNFalpha antibody and IL-1 receptor antagonist in human rheumatoid

arthritis synovial membrane. Cytokine 32, 263 (2005).

121. V. S. Yadav, K. P. Mishra, D. P. Singh, S. Mehrotra, and V. K. Singh, Immunomodu-

latory effects of curcumin. Immunopharmacol Immunotoxicol 27, 485 (2005).

122. B. Gupta and B. Ghosh, Curcuma longa inhibits TNF-alpha induced expression of

adhesion molecules on human umbilical vein endothelial cells. Int J Innumopharmacol
21, 745 (1999).

123. S. M. Plummer, K. A.Holloway, M. M. Manson, R. J. Munks, A. Kaptein, S. Farrow,

and L. Howells, Inhibition of cyclo-oxygenase 2 expression in colon cells by the

chemopreventive agent curcumin involves inhibition of NF-kappaB activation via the

NIK/IKK signalling complex. Oncogene 18, 6013 (1999).

124. Y. R. Chen and T. H. Tan, Inhibition of the c-Jun N-terminal kinase (JNK) signaling

pathway by curcumin. Oncogene 17, 173 (1998).

125. Y. Iwakura, Roles of IL-1 in the development of rheumatoid arthritis:Consideration

from mouse models. Cytokine Growth Factor Rev 13, 341 (2002).

126. N. Jurrmann, R. Brigelius-Flohe, and G. F. Bol, Curcumin blocks interleukin-1 (IL-1)

signaling by inhibiting the recruitment of the IL-1 receptor-associated kinase IRAK

in murine thymoma EL-4 cells. J Nutr 135, 1859 (2005).

127. G. Trinchieri, S. Pflanz, and R. A. Kastelein, The IL-12 family of heterodimeric

cytokines: New players in the regulation of T cell responses.[comment]. Immunity 19,

641 (2003).

128. K. E. Balashov, D. R. Smith, S. J. Khoury, D. A. Hafler, and H. L. Weiner, Increased

interleukin 12 production in progressive multiple sclerosis: Induction by activated

CD4+ T cells via CD40 ligand. Proc Natl Acad Sci USA 94, 599 (1997).

129. J. J. Bright, M. Rodriguez, and S. Sriram, Differential influence of interleukin-12 in the

pathogenesis of autoimmune and virus-induced central nervous system demyelination.

J Virol 73, 1637 (1999).

130. 130. J. P. Leonard, K. E. Waldburger, and S. J. Goldman, Prevention of experimental

autoimmune encephalomyelitis by antibodies against interleukin 12. J Exp Med 181,

381 (1995).

131. B. Oppmann, R. Lesley, B. Blom, J. C. Timans, . Xu, B. Hunte, F. Vega, N. Yu, J.

Wang, K. Singh, F. Zonin, E. Vaisberg, T. Churakova, M. Liu, D. Gorman, J. Wagner,

S. Zurawski, Y. Liu, J. S. Abrams, K. W. Moore, D. Rennick, R. de Waal-Malefyt,

C. Hannum, J. F. Bazan, and R. A. Kastelein, Novel p19 protein engages IL-12p40

to form a cytokine, IL-23, with biological activities similar as well as distinct from

IL-12. Immunity 13, 715 (2000).

132. X. T. Ma, X. j. Zhang, B. Zhang, Y. Q. Geng, Y. M. Lin, G. Li, and K. F.Wu, Expression

and regulation of interleukin-23 subunits in human peripheral blood mononuclear

cells and hematopoietic cell lines in response to various inducers. Cell Biol Int 28,

689 (2004).

133. A. Wada, Y. Tada, O. Shimozato, Y. Takiguchi, K. Tatsumi, T. Kuriyama, and M.

Tagawa, Expression of CD40 ligand in CD40-positive murine tumors activates tran-

scription of the interleukin-23 subunit genes and produces antitumor responses. Anti-
cancer Res 24, 2713 (2004).



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal April 16, 2007 13:23

CURCUMIN AND AUTOIMMUNE DISEASE 449

134. D. J. Cua, J. Sherlock, Y. Chen, C. A. Murphy, B. Joyce, B. Seymour, L. Lucian, W.

To, S. Kwan, T. Churakova, S. Zurawski, M. Wiekowski, S. A. Lira, D. Gorman, R.A.

Kastelein, and J. D. Sedgwick, Interleukin-23 rather than interleukin-12 is the critical

cytokine for autoimmune inflammation of the brain.[see comment]. Nature 421, 744

(2003).

135. S. J. Szabo, S. T. Kim, G. L. Costa, X. Zhang, C. G. Fathman, and L. H. Glimcher,

A novel transcription factor, T-bet, directs Th1 lineage commitment. Cell 100, 655

(2000).

136. A. Takeda, S. Hamano, A. Yamanaka, T. Hanada, T. Ishibashi, T. W. Mak, A.

Yoshimura, and H. Yoshida, Cutting edge: Role of IL-27/WSX-1 signaling for induc-

tion of T-bet through activation of STAT1 during initial Th1 commitment. J Immunol
170, 4886 (2003).

137. E. Bettelli, B. Sullivan, S. J. Szabo, R. A. Sobel, L. H. Glimcher, and V. K. Kuchroo,

Loss of T-bet, but not STAT1, prevents the development of experimental autoimmune

encephalomyelitis. J Exp Med 200, 79 (2004).

138. A. E. Lovett-Racke, A. E. Rocchini, J. Choy, S. C. Northrop, R. Z. Hussain, R. B. Ratts,

D. Sikder, and M. K. Racke, Silencing T-bet defines a critical role in the differentiation

of autoreactive T lymphocytes. Immunity 21, 719 (2004).

139. S. Pflanz, J. C. Timans, J. Cheung, R. Rosales, H. Kanzler, J. Gilbert, L. Hibbert, T.

Churakova, M. Travis, E. Vaisberg, W. M. Blumenschein, J. D. Mattson, J. L. Wagner,

W. To, S. Zurawski, T. K. McClanahan, D. M. Gorman, J. F. Bazan, R. de Waal

Malefyt, D. Rennick, and R. A. Kastelein, IL-27, a heterodimeric cytokine composed

of EBI3 and p28 protein, induces proliferation of naive CD4(+) T cells. Immunity 16,

779 (2002).

140. R. Goldberg, Y. Zohar, G. Wildbaum, Y. Geron, G. Maor, and N. Karin, Suppression

of ongoing experimental autoimmune encephalomyelitis by neutralizing the function

of the p28 subunit of IL-27. J Immunol 173, 6465 (2004).

141. B. M. Segal, B. k. Dwyer, and E. M. Shevach, An interleukin (IL)-10/IL-12 im-

munoregulatory circuit controls susceptibility to autoimmune disease. J Exp Med
187, 537 (1998).

142. S. Ghosh, M. J. May, and E. B. Kopp, NF-kappa B and Rel proteins: Evolu-

tionarily conserved mediators of immune responses. Annu Rev Immunol 16, 225

(1998).

143. G. Y. Kim, K. H. Kim, S. H. Lee, M. S. Yoon, H. J. Lee, D. O. Moon, C. M. Lee,

S. C. Ahn, Y. C. Park, and Y. M. Park, Curcumin inhibits immunostimulatory func-

tion of dendritic cells: MAPKs and translocation of NF-kappa B as potential targets.

J Immunol 174, 8116 (2005).

144. G. Kang, P. J. Kong, Y. J. Yuh, S. Y. Lim, S. V. Yim, W. Chun, and S. S. Kim,

Curcumin suppresses lipopolysaccharide-induced cyclooxygenase-2 expression by

inhibiting activator protein 1 and nuclear factor kappab bindings in BV2 microglial

cells. J Pharmacol Sci 94, 325 (2004).

145. W. C. Sha, Regulation of immune responses by NF-kappa B/Rel transcription factor.

J Exp Med 187, 143 (1998).

146. J. D. Woronicz, X. Gao, Z. Cao, M. Rothe, and D. V. Goeddel, IkappaB kinase-beta:

NF-kappaB activation and complex formation with IkappaB kinase-alpha and NIK.

Science 278 , 866 (1997).

147. T. L. Murphy, M. G. Cleveland, P. Kulesza, J. Magram, and K. M. Murphy, Regulation

of interleukin 12 p40 expression through an NF-kappa B half-site. Mol Cell Biol 15,

5258 (1995).



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal April 16, 2007 13:23

450 BRIGHT

148. D. D’Ambrosio, M. Cippitelli, M. G. Cocciolo, D. Mazzeo, P. Di Lucia, R. Lang,

F. Sinigaglia, and P. Panina-Bordignon, Inhibition of IL-12 production by 1,25-

dihydroxyvitamin D3. Involvement of NF-kappaB downregulation in transcriptional

repression of the p40 gene. J Clin Invest 101, 252 (1998).

149. D. Mazzeo, P. Panina-Bordignon, H. Recalde, F. Sinigaglia, and D. D’Ambrosio, De-

creased IL-12 production and Th1 cell development by acetyl salicylic acid-mediated

inhibition of NF-kappaB. Eur J Immunol 28, 3205 (1998).

150. C. M. Bacon, E. F. Petricoin 3rd, J. R. Ortaldo, R. C. Rees, A. C. Larner, J. A. Johnston,

and J. J. O’Shea, Interleukin 12 induces tyrosine phosphorylation and activation of

STAT4 in human lymphocytes. Proc Natl Acad Sci USA 92, 7307 (1995).

151. N. G. Jacobson, S. J. Szabo, R. M. Weber-Nordt, Z. Zhong, R. D. Schreiber, J. E.

Darnell, Jr., and K. M. Murphy, Interleukin 12 signaling in T helper type 1 (Th1) cells

involves tyrosine phosphorylation of signal transducer and activator of transcription

(Stat)3 and Stat4. J Exp Med 181, 1755 (1995).

152. C. Parham, M. Chirica, J. Timans, E. Vaisberg, M. Travis, J. Cheung, S. Pflanz, R.

Zhang, K. P. Singh, F. Vega, W. To, J. Wagner, A. M. O’Farrell, T. McClanahan, S.

Zurawski, C. Hannum, D. Gorman, D. M. Rennick, R. A. Kastelein, R. de Waal Male-

fyt, and K. W. Moore, A receptor for the heterodimeric cytokine IL-23 is composed

of IL-12Rbeta1 and a novel cytokine receptor subunit, IL-23R. J Immunol 168, 5699

(2002).

153. S. Aggarwal, N. Ghilardi, M. H. Xie, F. J. de Sauvage, and A. L. Gurney, Interleukin-

23 promotes a distinct CD4 T cell activation state characterized by the production of

interleukin-17. J Biol Chem 278, 1910 (2003).

154. S. Kamiya, T. Owaki, N. Morishima, F. Fukai, J. Mizuguchi, and T. Yoshimoto, An

indispensable role for STAT1 in IL-27-induced T-bet expression but not proliferation

of naive CD4+ T cells. J Immunol 173, 3871 (2004).

155. J. J. O’Shea, H. Park, M. Pesu, D. Borie, and P. Changelian, New strategies for

immunosuppression, interfering with cytokines by targeting the Jak/Stat pathway.

Curr Opin Rheumatol 17, 305 (2005).

156. H. M. Seidel, P. Lamb, and J. Rosen, Pharmaceutical intervention in the JAK/STAT

signaling pathway. Oncogene 19, 2645 (2000).

157. J. J. Bright, Targeting autoimmune diseases through nutraceuticals. Nutrition 20, 39

(2004).

158. G. Muthian and J. J. Bright, Quercetin, a flavonoid phytoestrogen, ameliorates exper-

imental allergic encephalomyelitis by blocking IL-12 signaling through JAK-STAT

pathway in T lymphocyte. J Clin Immunol 24, 542 (2004).

159. G. Muthian, H. P. Raikwar, J. Rajasingh, and J. J. Bright, 1,25 Dihydroxyvitamin-D3

modulates JAK-STAT pathway in IL-12/IFNgamma axis leading to Th1 response in

experimental allergic encephalomyelitis. J Neurosci Res 83, 1299 (2006).

160. L. Neff, M. Zeisel, J. Sibilia, M. Scholler-Guinard, J. P. Klein, and D. Wachsmann,

NF-kappaB and the MAP kinases/AP-1 pathways are both involved in interleukin-6

and interleukin-8 expression in fibroblast-like synoviocytes stimulated by protein I/II,

a modulin from oral streptococci. Cell Microbiol 3, 703 (2001).

161. R. K. Patel and C. Mohan, PI3K/AKT signaling and systemic autoimmunity. Immunol
Res 31, 47 (2005).

162. J. W. Cho, K. Park, G. R. Kweon, B. C. Jang, W. K. Baek, M. H. Suh, C. W. Kim, K.

S. Lee, and S. I. Suh, Curcumin inhibits the expression of COX-2 in UVB-irradiated

human keratinocytes (HaCaT) by inhibiting activation of AP-1, p38 MAP kinase and

JNK as potential upstream targets. Exp Mol Med 37 , 186 (2005).



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal April 16, 2007 13:23

CURCUMIN AND AUTOIMMUNE DISEASE 451

163. S. L. Kunkel and N. Godessart, Chemokines in autoimmunity: From pathology to

therapeutics. Autoimmun Rev 1, 313 (2002).

164. S. Arimilli, W. Ferlin, N. Solvason, S. Deshpande, M. Howard, and S. Mocci,

Chemokines in autoimmune diseases. Immunol Rev 177, 43 (2000).

165. X. Chen, J. J. Oppenheim, and O. M. Howard, Chemokines and chemokine receptors as

novel therapeutic targets in rheumatoid arthritis (RA): Inhibitory effects of traditional

Chinese medicinal components. Cell Mol Immunol 1, 336 (2004).

166. H. Hidaka, T. Ishiko, T. Furuhashi, H. Kamohara, S. Suzuki, M. Miyazaki, O. Ikeda,

S. Mita, T. Setoguchi, and M. Ogawa, Curcumin inhibits interleukin 8 production

and enhances interleukin 8 receptor expression on the cell surface: Impact on human

pancreatic carcinoma cell growth by autocrine regulation. Cancer 95, 1206 (2002).



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal February 20, 2007 17:37

PHARMACOKINETICS AND
PHARMACODYNAMICS OF CURCUMIN

Ricky A. Sharma, William P. Steward, and Andreas J. Gescher

Abstract: Curcuma spp. contain turmerin, essential oils, and curcumi-
noids, including curcumin. Curcumin [1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione] is regarded as the most biologically active constituent of the
spice turmeric and it comprises 2–8% of most turmeric preparations. Preclinical
data from animal models and phase I clinical studies performed with human vol-
unteers and patients with cancer have demonstrated low systemic bioavailability
following oral dosing. Efficient first-pass metabolism and some degree of intesti-
nal metabolism, particularly glucuronidation and sulfation of curcumin, might
explain its poor systemic availability when administered via the oral route. A
daily oral dose of 3.6 g of curcumin is compatible with detectable levels of the
parent compound in colorectal tissue from patients with cancer. The levels demon-
strated might be sufficient to exert pharmacological activity. There appears to be
negligible distribution of the parent drug to hepatic tissue or other tissues beyond
the gastrointestinal tract. Curcumin possesses wide-ranging anti-inflammatory and
anticancer properties. Many of these biological activities can be attributed to its
potent antioxidant capacity at neutral and acidic pH, its inhibition of cell signaling
pathways at multiple levels, its diverse effects on cellular enzymes, and its effects
on cell adhesion and angiogenesis. In particular, curcumin’s ability to alter gene
transcription and induce apoptosis in preclinical models advocates its potential
utility in cancer chemoprevention and chemotherapy. With regard to considerable
public and scientific interest in the use of phytochemicals derived from dietary
components to combat or prevent human diseases, curcumin is currently a leading
agent.

1. INTRODUCTION

There has been considerable public and scientific interest in the use of phyto-
chemicals derived from dietary components to combat or prevent human dis-
eases, especially the two commonest killers in the developed world: cardiovascu-
lar disease and cancer. The dried, ground rhizome of the perennial herb Curcuma
longa Linn. has been used in Asian medicine since the second millenium bc.

1

Its utility is referred to in the ancient Hindu scripture, the Ayurveda. In addition
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to its aromatic, stimulant, and coloring properties in the diet, turmeric is mixed
with other natural compounds such as slaked lime and has been used topically
as a treatment for wounds, inflammation, and tumors. In contrast to the high di-
etary consumption (up to 1.5 g curcumin per person per day) in certain Southeast
Asian communities, smaller quantities of turmeric tend to be used for medicinal
purposes.2 The appeal of turmeric as a coloring, food preservative, and flavoring is
global; according to the Food and Agriculture Organization of the United Nations,
over 2400 metric tons of turmeric are imported annually into the United States for
consumer use.

Curcuma spp. contain turmerin (a water-soluble peptide), essential oils
(such as turmerones, atlantones, and zingiberene), and curcuminoids, includ-
ing curcumin [1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione].
Curcumin, which was first chemically characterized in 1910, is regarded as the
most biologically active constituent of turmeric and comprises 2–8% of most
turmeric preparations.3a,4 Curcumin has been the subject of hundreds of published
articles over the past three decades, studying its antioxidant, anti-inflammatory,
cancer chemopreventive, and potentially chemotherapeutic properties. The phar-
macology and putative anticancer properties of curcumin have been the subject
of several review articles,5–7 publication of which predates a number of clinical
studies of curcumin that have been completed and reported within the last 2 years.
The purpose of this chapter is to appraise the current level of knowledge of the
fate of curcumin in mammalian organisms and its pharmacodynamic properties,
with particular reference to its potential use in the chemoprevention of human
cancer.

2. PHARMACOKINETICS AND METABOLISM

2.1. Pharmacokinetics and Metabolism in Rodents

The absorption, distribution, metabolism, and excretion of curcumin in rodents
have been described in at least 10 studies over the past three decades. Collectively,
these studies support the notion that curcumin undergoes a rapid and efficient
metabolism that severely curtails the availability of parent compound in the bio-
phase. In an early study in rats, a dietary dose (1 g/kg) administered to rats resulted
in about 75% of species related to curcumin being detected in feces, whereas negli-
gible amounts appeared in the urine.8 In another early article, absorption of oral cur-
cumin was 60%; urinary agent-derived species were characterized as glucuronide
and sulfate conjugates.9 When curcumin bioavailability was investigated using a
3H-radiolabeled agent, the vast majority of the oral dose was excreted in the feces
and one-third was excreted unchanged.10 Intravenous and intraperitoneal admin-
istration of curcumin in rats resulted in large quantities of curcumin and metabo-
lites in bile.11,12 The metabolites were characterized mainly as glucuronides of
tetrahydrocurcumin and hexahydrocurcumin. After intravenous dosing, more than
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Figure 1. Major metabolites of curcumin detected in rodents and humans.

50% of the dose was excreted in the bile within 5 h. This finding was interpreted
as evidence in support of the hypothesis that curcumin undergoes biotransfor-
mation during absorption in the intestinal tract and enterohepatic recirculation.11

More recently, curcumin (0.1 g/kg) administered intraperitoneally to the mouse
was found to undergo metabolic reduction to dihydrocurcumin and tetrahydrocur-
cumin, which, in turn, were converted to monoglucuronide conjugates.13 High-
pressure liquid chromatography (HPLC) analysis of plasma from rats that had
received oral curcumin demonstrated substantial levels of curcumin glucuronide
and curcumin sulfate, small quantities of hexahydrocurcumin, hexahydrocurcum-
inol, and hexahydrocurcumin glucuronide and negligible amounts of curcumin
(see Figure 1).14 In suspensions of isolated human hepatocytes, or in microsomes
derived from liver or gut tissues of rats and humans, curcumin was rapidly reduced
to metabolites, as shown in Figure 1.15 In a separate study in rats, a high dose of
curcumin mixed into the diet (2%, equating to approximately 1.2 g/kg) for 14 days
yielded low-nanomolar levels of the parent compound in the plasma, with con-
centrations in the liver and colon mucosa ranging from 0.1 to 1.8 nmol/g tissue.16

It is also conceivable that other constituents of the dietary matrix might alter the
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bioavailability of curcumin. When oral curcumin (2 g/kg) is coadministered to
rats with l-piperoylpiperidine (piperine), a constituent of the fruit of the pepper
vine (piper nigrum) that induces glucuronyl transferase enzymes, the systemic
bioavailability of curcumin might be increased by as much as 154%.17

2.2. Clinical Pharmacokinetics and Metabolism

In comparison to the preclinical work summarized above, comprehensive phar-
macokinetic data in humans do not exist. Healthy volunteers who ingested 2 g
pure curcumin powder after fasting showed less than 10 ng/mL curcumin in their
plasma 1 h postdose.17 In the same study, coingestion of curcumin with 20 mg
of piperine appeared to increase the bioavailability of curcumin by 2000%. In a
study of oral curcumin, patients with preinvasive malignant or high-risk prema-
lignant conditions of the bladder, skin, cervix, stomach, or oral mucosa received
0.5–8 g curcumin by mouth daily for 3 months.18 Plasma curcumin concentrations
were found to peak 1–2 h after intake and gradually declined within 12 hours. The
8-g/day dose resulted in a peak serum concentration of 1.75 ± 0.80 �M. When
curcumin in micronized form was administered orally with orange juice at doses
of 50–200 mg to 18 healthy volunteers, curcumin was not found in the plasma at
or above the limit of quantitation (approximately 0.63 ng/mL).19

In a clinical phase I dose-escalation study using a standardized oral Curcuma
extract comprised mainly of curcumin, doses up to 180 mg of curcumin per day
were administered to patients with advanced colorectal cancer for up to 4 months
without toxicity or detectable systemic bioavailability.20 In a follow-up study in
15 patients with advanced colorectal cancer refractory to standard chemotherapy,
curcumin in the form of “Curcuminoids C3” (Sabinsa Corp., 90% curcumin) was
consumed orally for up to 4 months at doses of curcumin between 0.45 and 3.6 g
daily.21 Oral consumption of 3.6 g of curcumin per day resulted in levels of drug and
glucuronide/sulfate conjugates in plasma near the limit of detection (5 pmol/mL).
Curcumin and its conjugates were also detected in 24-h urine collections. In the six
patients who had consumed 3.6 g curcumin, urinary levels (in �M) varied between
0.1 and 1.3 for curcumin, between 0.019 and 0.045 for curcumin sulfate, and
between 0.21 and 0.51 for curcumin glucuronide. The presence of curcumin and
its conjugates in the urine of patients taking 3.6 g of curcumin daily suggests that
urinary curcumin/curcumin metabolites might serve as measures of compliance
with treatment.

Exploratory studies have also been performed in patients undergoing opera-
tions for colorectal cancer who consented to have tissues analysed for research
purposes.22,23 Twelve patients with confirmed colorectal cancer received oral cur-
cumin at 0.45, 1.8, or 3.6 g/day for 7 days prior to surgery. Levels of agent-derived
species were determined in blood and colorectal tissue obtained at the time of
surgical resection. The mean concentrations of curcumin in normal and malignant
colorectal tissue of patients who had ingested 3.6 g curcumin daily were 12.7
and 7.7 nmol/g tissue, respectively.22 Curcumin sulfate and curcumin glucuronide
were also found in the intestinal tissue taken from these patients; trace levels of



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal February 20, 2007 17:37

PHARMACOKINETICS AND PHARMACODYNAMICS 457

curcumin were detected in peripheral blood samples. Compatible with the pre-
clinical data presented earlier, these preliminary results in humans suggest that a
daily dose of 3.6 g curcumin achieves measurable levels in colorectal tissue with
negligible distribution of the parent drug outside of the gut. When 12 patients with
liver metastases from colorectal cancer received oral curcumin (0–3.6 g) daily for 7
days prior to hepatic surgery, curcumin was not found in liver tissue resected 6–7 h
after the last dose of curcumin, whereas trace levels of products of its metabolic
reduction were detected.23 Levels of curcumin and glucuronide and sulfate con-
jugates in the low-nanomolar range were found in blood samples taken 1 h after
the last dose. The results of this pilot study suggest that doses of oral curcumin
required to produce hepatic levels sufficient to exert pharmacological activity are
probably not feasible in humans.

To summarize the data from pilot and phase I clinical studies performed with
curcumin, it appears that low systemic bioavailability following oral dosing is con-
sistent with the findings in preclinical models presented earlier. Efficient first-pass
and some degree of intestinal metabolism of curcumin, particularly glucuronida-
tion and sulfation, might explain its poor systemic availability when administered
via the oral route. A daily oral dose of 3.6 g of curcumin results in detectable levels
in colorectal tissue, which might be sufficient to exert pharmacological activity,
with negligible distribution of the parent drug in hepatic tissue or other tissues
beyond the gastrointestinal tract.

3. PHARMACODYNAMICS AND SAFETY

3.1. Pharmacodynamics in Preclinical Models

Curcumin has been shown to exert a fascinating array of pharmacological effects
in cells in vitro at physiologically attainable and supraphysiological concentrations
(see Chapter 10). Table 1 lists some of these activities, many of which are highly
relevant to the cancer chemopreventive activity and pharmacodynamic properties
of curcumin. In the following subsections, evidence is reviewed pertaining to
the ability of curcumin to interfere with carcinogenesis, drug- and carcinogen-
metabolizing enzymes, and biological oxidative processes in rodents in vivo.

3.1.1. Inhibition of Carcinogenesis

Following oral administration, curcumin prevented cancer in the colon, skin, stom-
ach, liver, lung, duodenum, soft palate, and breasts of rodents.24,25 In particular, the
effects of dietary curcumin (0.05–2.0%) on colorectal carcinogenesis have been
demonstrated in both carcinogen-induced and genetic rodent models. Curcumin
inhibited carcinogenic initiation, as reflected by decreased levels of adducts in-
duced by benzo[a]pyrene or by aflatoxin B1.26,27 In intestinal cancer induced in
mice by azoxymethane, oral curcumin (2000 ppm) for 14 weeks produced a sig-
nificant increase in the apoptotic histological index when compared to controls.28

In the azoxymethane-induced rat colon cancer model, dietary curcumin (0.8%)
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Table 1. Molecular targets of curcumin in cells grown in vitro relevant to the

chemoprevention of cancer.

TARGETS EFFECTS REFERENCES

Protein kinases (MAPK, JNK, PKA,

PKC, src tyrosine kinase, I�B�

kinase, growth factor receptor

protein tyrosine kinases)

Inhibition, downregulation 67

Antiapoptotic proteins Induction of cytochrome-c release,

Bid cleavrage, activation of

caspase-3 and caspase-9,

downregulation of Bcl-2 and

BclX2

68–71

Proinflammatory proteins Downregulation of COX-2, 5-LOX,

and iNOS

Cytokines/growth factors Downregulation of TNF, IL-6, IL-8,

IL-12, and fibroblast growth

factor-2

72–74

Transcription factors Suppression of NF-�B, STAT3,

Egr-1, AP-1, and PPAR-� ,

activation of �-catenin

59, 60, 75

Oxidant systems Upregulation of heme oxygenase,

glutathione transferases,

downregulation of xanthine

oxidase, scavenging reactive

oxygen/superoxide

76, 77

Phase I and Phase II

drug/carcinogen-

metabolizing enzymes

Inhibition of CYP1A1 78, 79

Metalloproteinases MMP-9 expression 80

Abbreviations: AP, activator protein; JNK, c-Jun NH2-terminal kinases; PK, protein kinase; COX,

cyclooxygenase; LOX, lipooxygenase; NOS, nitric oxide synthase; NF, nuclear factor; TNF, tumor

necrosis factor; IL, interleukin; PPAR, peroxisome proliferators-activated factor; CYP, cytochromes

p450; MMP, matrix metalloproteinase; STAT, signal transducer and activator of transcription; EGR,

early growth response; CYP, cytochromes p450.

halved the number of aberrant crypt foci compared with control.29 Genetic mod-
els, such as the multiple intestinal neoplasia (e.g. ApcMin) mouse, permit the study
of the inhibition of the promotion phase of carcinogenesis. Curcumin interfered
with adenoma formation in the ApcMin mouse, which harbors an adenomatous
polyposis coli (APC) gene mutation and is a model of the human disease familial
adenomatous polyposis.30 When administered in the diet at 0.1% and 0.2 % for the
animals’ lifetimes, a significant decrease in adenoma number was observed com-
pared to control animals.3,31 The decrease after the latter dose was accompanied by
downregulation of the expression of the enzyme cyclooxygenase-2 (COX-2) and
attenuation of tissue oxidative status, as reflected by levels of the oxidative DNA
adduct pyrimido-[1,2�]purin-10(3H)-one-2′-deoxyguanosine (M1dG).32 The di-
etary dose of 0.2%, which equates to approximately 300 mg/kg per day, furnished
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only trace levels of curcumin and metabolites in the plasma, but concentrations of
curcumin in the 100-nmol/g tissue range in the gastrointestinal mucosa.31 This re-
sult might provide a tentative “target concentration,” although reliable strategies to
extrapolate these levels to the equivalent levels in human gastrointestinal mucosa
do not currently exist.

Topical application of curcumin (3 or 10 �mol curcumin, 5 min prior to the ap-
plication of carcinogen) has been shown to inhibit chemical carcinogenesis of the
skin.33 In this series of studies, tumor initiation was induced by benzo[a]pyrene or
7,12-dimethylbenz[a]antracene (DMBA) and tumor promotion was induced by 12-
O-tetradecanoylphorbol-13-acetate. Potential mechanisms of these effects were
considered to involve inhibition of arachidonic acid-induced inflammation, inhi-
bition of hydrogen peroxide formation, and inhibition of ornithine decarboxylase
activity/transcription, which is a rate-limiting step in polyamine biosynthesis.33

Topical application of curcumin (10 mmol) three times weekly to the buccal pouch
of Syrian golden hamsters has also demonstrated inhibition of DMBA-induced
oral carcinogenesis.34 In this early example of “combinatorial chemoprevention,”
the effect of topical curcumin appeared to be enhanced by the concomitant con-
sumption of green tea (6 mg tea solids/mL) for 18 weeks.34 Subsequent studies
combining curcumin with other chemopreventive agents have also shown aug-
mented growth inhibitory effects. It should also be noted that studies have also
been performed that have demonstrated no attenuation of chemically induced
carcinogenesis by curcumin. For example, dietary curcumin (500 ppm) did not
affect prostate carcinogenesis in rats exposed to 3,2′-dimethyl-4-aminobiphenol
(DMAB)- or 2-amino-1-methylimidazo[4,5-b]pyridine (PhIP).35 Although there
are numerous reports in the published literature to suggest that curcumin aug-
ments the cytotoxicity of anticancer drugs such as paclitaxel in cells in vitro,36,37

observations that confirm this notion in vivo are lacking at present. In a human
breast cancer xenograft model, nude mice bearing the human-derived MDA-MB-
435 breast tumor received dietary curcumin (2%) after excision of the primary
tumor: Curcumin consumption decreased the load of breast cancer metastases and
concomitantly suppressed the expression of nuclear factor (NF)-�B, COX-2, and
matrix metalloproteinase-9 (MMP-9) in the lung metastases that did form.36 Inter-
estingly, certain rodent studies have suggested a potential for curcumin to confound
unwanted detrimental effects of cytotoxic anticancer drugs. For example, curcumin
administered to rats by gavage (100 or 200 mg/kg daily for 7 days) ameliorated
chromosomal mutations induced by cyclophosphamide in the bone marrow.38 The
diversity of the biological actions of curcumin in mammalian species was recently
emphasized by a noteworthy study demonstrating its beneficial effects in mice
homozygous for a complete knockout of a gene linked with cystic fibrosis.39

3.1.2. Effects on Carcinogen-Metabolizing Enzymes and Oxidant Systems

Phase II drug- and carcinogen metabolizing enzymes such as glutathione-S-
transferases (GST) render xenobiotics more water soluble, thus facilitating their
excretion. Because induction of phase II enzymes stimulates carcinogen excretion,
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it is generally thought to confer a protective effect. Epoxide hydrolase and vari-
ous hepatic GST isoenzymes were significantly increased upon curcumin feeding
in mice40; in other studies, total GST activity was induced by dietary curcumin
in both mice and rats.41–44A structure–activity study of the potency of curcumin
analogues suggested that their ability to induce phase II enzymes might be linked
to the presence of the phenolic hydroxy and �-diketone groups.44 Although in-
duction of GST activity might be desirable in the prevention of the early stages
of carcinogenesis, in patients with advanced malignancy GST isozymes might be
aberrantly overexpressed and linked with resistance to chemotherapy.45 Paradoxi-
cally, curcumin also appears capable of inhibiting GST isoenzyme expression. An
example is provided by a study of GSTP1 expression in leukemia cells, in which
an association was observed between the level of inhibition by curcumin and the
induction of apoptosis.46

Nitric oxide (NO) is a short-lived, lipophilic molecule generated from l-arginine
by various NADPH-dependent enzymes called NO synthases (NOS).47 NO is in-
volved physiologically in vasorelaxation, neurotransmission, inhibition of platelet
aggregation, immune defense, and intracellular signaling. NO has an unpaired
electron and is therefore a free-radical species; its bioactivity is related to the pro-
duction of many reactive intermediates and many of these reactive nitrogen species
are capable of damaging DNA or hindering DNA repair.48,49 Peak inducible NOS
(iNOS) activity might relate to the transition of colonic adenomas to carcinomas.50

Upregulation of COX-2 via NF-�B or activator protein (AP)-1 pathways, or in-
creasing intracellular concentrations of reduced glutathione, appears to confer
resistance to NO-induced apoptosis in malignant cells in vitro.51,52 Ex vivo studies
have suggested that the inducibility of macrophage NOS activity is inhibited by
1–20 �M concentrations of curcumin.53 In mice that received curcumin at a dose
of as little as 92 ng/g body weight in aqueous alkaline solution with the drinking
water, hepatic lipopolysaccharide-induced iNOS gene expression was significantly
inhibited.54 Because inhibition of iNOS activity might represent a mechanism of
intervention during carcinogenesis, the activity of curcumin at such low concen-
trations has considerable implications for cancer chemoprevention. Nevertheless,
this effect needs to be reproduced in other experiments.

3.2. Clinical Pharmacodynamics

3.2.1. Dose–Effect Relationships

Substantial data supporting a dose–response relationship for any biomarker of
the pharmacological efficacy of curcumin in humans are currently lacking.
Nevertheless, several observations in volunteers and patients suggest that curcumin
might possess systemic biological activity at low oral doses. A single oral dose of
20 mg of curcumin appeared to induce contraction of the gallbladder as adjudged
by ultrasound scanning in human volunteers, compared to an amylum placebo.55

Two potential surrogate biomarkers of the efficacy of curcumin were evaluated in
the blood of patients with advanced colorectal cancer who received up to 180 mg
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of curcumin per day for up to 4 months.56 In three patients on 36 mg of cur-
cumin daily, lymphocytic activity of GST was decreased with time to reach 41%
of control (untreated) on day 29 of treatment. This decline was not observed at the
higher dose levels and was not reproduced in a subsequent study of higher doses in
the patients with the same disease.21 Similarly, consumption of curcumin did not
affect blood leukocyte levels of the oxidative DNA adduct, pyrimido-[1,2�]purin-
10(3H)-one-2′-deoxyguanosine (M1dG), although interesting observations were
made regarding GST isoenzyme genotypes and baseline leukocytic M1dG adduct
levels.

In contrast to leukocyte M1dG and GST, the inducibility of prostaglandin (PG)
E2 production in whole blood ex vivo might represent a surrogate biomarker for
assessing the pharmacological activity of curcumin at a systemic level. COX-2
is an important target for chemoprevention, and its pharmacological modulation
mght hold implications for cancer treatment. At least part of the effect of curcumin
on inducible PGE2 production in human blood can be attributed to inhibition of
COX2 transcription, which might be due to the inhibition of the NF-�B-activating
enzymes IKK-�/�.57,58 The effect of curcumin described in an ex vivo assay de-
veloped using blood from healthy volunteers56 was associated with a daily oral
dose which furnished plasma levels in the 10−8 M range in patients with advanced
colorectal cancer.16 This concentration of curcumin is less than a hundredth of
that shown in vitro to elicit an effect in blood or colon cells.14,57 Blood was taken
immediately predose or 1 h postdose on days 1, 2, 8, and 29 of treatment with
3.6 g of curcumin daily.21 Following the addition of acetylsalicylic acid (200 �M)
to eliminate COX-1 activity, whole blood was incubated for 24 h in the presence
of lipopolysaccharide (LPS, 10 �g/mL).56 In the same trial, oral administration of
curcumin did not impact on nonstimulated PGE2 levels in leukocytes, nor did doses
of 0.45–1.8 g daily alter LPS-induced PGE2. In contrast, consumption of 3.6 g of
curcumin daily affected LPS-induced PGE2 levels.21 When values obtained im-
mediately predose or 1 h postdose on days 1, 2, 8, and 29 were pooled for the
six patients consuming this dose, PGE2 levels observed postdose were 46% lower
than those measured immediately predosing. The difference reached significance
on days 1 and 29 of treatment but not on day 2 or day 8; this discrepancy could
not be explained scientifically by the study investigators.21 Although these results
tentatively suggest that consumption of 3.6 g of curcumin daily was linked with
inhibition of PGE2 induction in blood taken postdose compared to blood taken
predose, overall time-dependent trends were not identified and dose–response was
not demonstrated for this biomarker. Although the ex vivo assay described using
human blood is limited in its clinical application by the high interindividual and
high intraindividual variability,56 the results suggest the feasibility and potential
utility of measurement of PGE2 levels in target tissue as a biomarker to reflect
potential anticancer activity of curcumin. It should also be noted that curcumin
sulfate and products of metabolic reduction of curcumin also inhibit PGE2 pro-
duction in colon cells grown in vitro, although their inhibitory potency appeared
lower than that of parent curcumin in colon cancer cells.14 Similarly, the activity
of curcumin metabolites, relative to the parent compound, on levels of enzymes
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involved in glucose and lipid metabolism has been demonstrated in other preclin-
ical models.59

In parallel with studies in which potential changes in blood taken from patients
with advanced colorectal cancer were analyzed, exploratory clinical investiga-
tions have also been performed in patients undergoing operations for resectable
colorectal cancer in whom colorectal and hepatic tissues have been analyzed to
study potential pharmacodynamic effects.22,23 Twelve patients with confirmed col-
orectal carcinoma received oral curcumin at 0.45, 1.8, or 3.6 g/day for 7 days prior
to surgery. Whereas ingestion of 3.6 g of curcumin daily for 1 week affected
M1dG levels in patients’ colorectal tissue, it did not decrease COX-2 protein ex-
pression in this tissue.22 Interestingly, M1dG adduct levels were 2.5-fold higher
in malignant colorectal tissue than normal colorectal mucosa. Whereas adminis-
tration of curcumin did not affect M1dG levels in normal colorectal mucosa, it
caused a 58% decrease in adduct levels in malignant colorectal tissue. The ef-
fect was only observed at the highest dose level; it requires replication in a larger
study before definite conclusions can be made. As in the above-presented results,
a dose–response relationship was not established. A similar study of hepatic tissue
with the same oral dosing regime suggested that the levels of curcumin attained in
normal and malignant liver tissues were insufficient to exert biological activity.23

3.2.2. Anti-inflammation

Data from preclinical models would suggest that suppression by curcumin of the
inflammatory response might involve inhibition of the induction of COX-2 and
iNOS and the production of cytokines such as interferon-� , at least in part due to
its suppression of the Janus kinase (JAK)–STAT signaling cascade via its effect on
the Src homology 2 domain-containing protein tyrosine phosphatases (SHP)-2.59

Compatible with these immunological effects, data from an experiment involving
chemical-induced inflammatory bowel disease in mice suggested that curcumin
might be of value in the treatment of this disease.60

A number of studies have addressed the effect of oral curcumin on inflammatory
diseases in humans. Curcumin at 400 mg three times daily for 5 days caused a
significant anti-inflammatory effect measured objectively and subjectively in post-
operative patients.61 In a double blind study, 300 mg curcumin was administered
four times daily to 18 patients with rheumatoid arthritis for 2 weeks.62 The au-
thors reported a significant improvement in their inflammatory symptoms without
apparent toxicity.62Ten patients with inflammatory bowel disease received pure
curcumin at doses between 0.55 and 1.65 g daily for up to 2 months; all patients
showed encouraging clinical improvement.63

One research team has studied the effects of oral curcumin on ophthalmological
conditions. In their first study, 375 mg of curcumin was administered three times
daily to patients with chronic anterior uveitis for 12 weeks, resulting in a sugges-
tion of improvement in the condition.64 In their second study, the same dose of
curcumin was administered to eight patients with idiopathic inflammatory orbital
pseudotumors for 6–22 months.65 Complete responses were observed in half of
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the patients up to 2 years of follow-up. Although histopathological details were not
presented in this report, inflammatory orbital pseudotumor is currently regarded
as low-grade non-Hodgkin’s lymphoma in most cases; hence, this result hints at
potential anticancer activity.

3.2.3. Anticarcinogenesis

Induction of apoptosis by curcumin in cancer cells is mediated via a variety of
mechanisms (see Chapter 11). Such findings suggest that curcumin might have
some potential for chemotherapeutic activity in the treatment of cancer. In this
regard, there are published anecdotes of the activity of curcumin as a topical
treatment for cancer. One example is the use of turmeric as a treatment for oral
cancers and leukoplakia, in which the authors report a significant reduction in the
size of the lesions in 10% of the 62 patients treated.66 Unfortunately, there was
no control group, no assessment of anti-inflammatory activity and no chemical
analysis of the preparation applied in this study.

In a pilot trial performed in the United Kingdom, low doses (36–180 mg) of
curcumin were administered daily for up to 4 months to patients with progressive
advanced colorectal cancer, refractory to standard chemotherapies.20 Five out of 15
patients treated in this study experienced radiologically stable disease for 3 months
or longer. In one patient, venous levels of the tumor marker carcinoembryonic
antigen (CEA) decreased during treatment. In a subsequent study in patients with
progressive advanced colorectal cancer, doses of 0.45–3.6 g of curcumin were
administered daily. Radiologically stable disease was observed in 2 out of 15
patients for up to 4 months of treatment.21

Considering both of these studies together, although there were perhaps hints
of cytostatic activity using macroscopic measures in these patients, the variable
natural history of colorectal cancer renders the results difficult to interpret.

In a study performed in Taiwan, the potential anticancer activity of 1–8 g of
curcumin (500 mg of curcumin per capsule, 99% pure) daily for 3 months was
studied in patients with preinvasive malignant or high-risk premalignant conditions
of the bladder, skin, cervix, stomach, or oral mucosa.18 Doses above 8 g per day
were not tolerated by patients because of the excessive number of capsules that
had to be consumed daily. Histological improvement was noted in one of two
patients with presumed bladder carcinoma in situ, two of seven patients with oral
leukoplakia, one of six patients with stomach metaplasia, one of four patients
with cervical intraepithelial neoplasia (CIN), and two of six patients with Bowen’s
disease of the skin. Conversely, in one of four patients with CIN and one of seven
patients with oral leukoplakia, the treatment failed to prevent the development
of invasive malignancy during the 3-month study period. The small numbers of
patients with each condition, the variable natural history of premalignant lesions,
and the lack of blinding of the interpreting pathologists make it difficult to draw
definite conclusions. Nevertheless, the histological representations of treatment
effects presented in this report reemphasise the biological activity that curcumin
might possess in a range of human tissues.
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3.3. Safety

Although the experience of using curcumin in the diet for many centuries inspires
confidence in its safety, one cannot assume a priori that diet-derived agents are
innocuous when administered as pharmaceutical formulations at doses that gen-
erally exceed those consumed in the dietary matrix. Anecdotal reports suggest
that dietary consumption of turmeric up to 1.5 g per person per day, equating to a
probable maximum of 150 mg of curcumin daily, are not associated with adverse
effects in humans.2 Studies of curcumin in animals have confirmed a lack of sig-
nificant toxicity. In an early investigation, doses up to 5 g/kg were administered
orally to Sprague–Dawley rats, resulting in no demonstrable toxicity.8 Systematic
preclinical safety studies orchestrated by the US National Cancer Institute (NCI)
did not discover any adverse effects in rats, dogs, or monkeys at doses of up to 3.5
g/kg administered up to 3 months in duration.24 One early report suggested a po-
tentially ulcerogenic effect of dietary curcumin in the stomach of the albino rat,67

but this finding has not been replicated in subsequent rodent studies. In more recent
preclinical investigations of dietary curcumin, toxicity has not been observed at
2% of the diet in rats16 (approximately 1.2 g/kg) or at 0.2% of the diet in mice31

(approximately 300 mg/kg).
Only a few clinical studies of oral curcumin and curcuminoids have reported

discernible adverse effects. Unfortunately, many investigators have not stated in
their reports which methods or scales have been used to assess potential toxicity.
Administration of 1.2–2.1 g of oral curcumin daily to patients with rheumatoid
arthritis for 2–6 weeks did not result in any adverse effects.62 Similarly, 10 patients
with inflammatory bowel disease received pure curcumin daily at between 0.55
and 1.65 g for up to 2 months without clinical manifestations of toxicity.63 No
significant adverse events were observed in a study of up to 8 g of oral curcumin
daily for 3 months in patients with preinvasive malignant or high-risk premalig-
nant conditions.18 In patients with advanced colorectal cancer, curcumin was well
tolerated at all dose levels up to 3.6 g daily for up to 4 months.21 Two types of
gastrointestinal adverse event were reported by patients in this study, which were
probably related to curcumin consumption: Two patients (on 0.45 and 3.6 g cur-
cumin daily) developed diarrhea (NCI grades 1 and 2) 1 month and 4 months into
treatment, respectively. One patient, who was receiving 0.9 g of curcumin daily,
experienced nausea (NCI toxicity grade 2), which resolved spontaneously despite
continuation of treatment. Two abnormalities were detected in blood tests, both of
which might have been related either to curcumin treatment or malignant disease
progression: Increases in serum alkaline phosphatase levels were observed in four
patients and in serum lactate dehydrogenase in three patients.

Overall, the comprehensive preclinical data and the phase I clinical data cur-
rently available inspire cautious confidence that curcumin possesses a safety spec-
trum suitable for a chemopreventive agent. In the planning of future studies using
curcumin in any patient group, special attention must to be paid to the systematic
documentation of potential toxicities that ultimately might influence the feasibility
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of administering curcumin to healthy individuals over prolonged periods in the set-
ting of clinical chemoprevention.

4. CONCLUSIONS

Curcumin possesses anti-inflammatory and anticarcinogenic properties in rodent
models and there are suggestions of related pharmacodynamic effects in a few
clinical pilot studies. Many of these activities can be attributed to its potent an-
tioxidant capacity, its inhibition of cell signaling pathways at multiple levels, and
its diverse effects on cellular enzymes, angiogenesis, and cell adhesion. In par-
ticular, the ability of curcumin to affect gene transcription and induce apoptosis
in malignant cells advocates its potential utility in cancer chemoprevention and
perhaps chemotherapy. Phase I clinical data have confirmed that the low systemic
bioavailability of curcumin following oral dosing limits the tissues that the par-
ent compound can reach at efficacious concentrations to exert beneficial effects.
Nevertheless, the attainment of physiologically active levels of curcumin in the
gastrointestinal tract, particularly the colon and rectum, has been demonstrated
in animals and humans. In view of the pharmacological properties of curcumin
presented here, its phase II clinical evaluation in individuals at risk of developing
cancers of the gastrointestinal tract appears opportune.

REFERENCES

1. B. Brouk, Plants Consumed by Man. New York: Academic Press, 1975, p. 331.

2. D. Eigner and D. Sholz, Ferula asa–foetida and curcuma longa in traditional medical

treatment and diet in Nepal. J Ethnopharmacol 67, 1–6 (1999).

3. J. Milobedzka, V. Kostanecki, and V. Lampe, Structure. Chem Ber 43, 2163 (1910).

4. D. D. Heath, F. Khwaja, and C. L. Rock, Curcumin content of turmeric and curry

powders. FASEB J 18, A125 (2004).

5. H. P. Ammon and M. A. Wahl, Pharmacology of curcuma longa. Planta Med 57, 1–7

(1991).

6. B. B. Aggarwal, A. Kumar, and A. C. Bharti, Anticancer potential of curcumin: Pre-

clinical and clinical studies. Anticancer Res 23, 363–398 (2003).

7. B. Joe, M. Vijaykumar, and B. R. Lokesh, Biological properties of curcumin: Cel-

lular and molecular mechanisms of action. Crit Rev Food Sci Nutr 44, 97–111

(2004).

8. B. Wahlstrom and G. Blennow, A study on the fate of curcumin in the rat. Acta
Pharmacol Toxicol 43, 86–92 (1978).

9. V. Ravindranath and N. Chandrasekhara, Absorption and tissue distribution of cur-

cumin in rats. Toxicology 16, 259–265 (1980).

10. V. Ravindranath and N. Chandrasekhara, In vitro studies on the intestinal absorption

of curcumin in rats. Toxicology 20, 251–257 (1981).

11. V. Ravindranath and N. Chandrasekhara, Metabolism of curcumin: Studies with [3H]

curcumin. Toxicology 22, 337–344 (1981).



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal February 20, 2007 17:37

466 SHARMA, STEWARD, AND GESHER

12. G. M. Holder, J. L. Plummer, and A. J. Ryan, The metabolism and excretion of cur-

cumin [1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione] in the rat.

Xenobiotica 8, 761–768 (1978).

13. M. H. Pan, T. M. Huang, and J. K. Lin, Biotransformation of curcumin through re-

duction and glucuronidation in mice. Drug Metab Dispos 27, 486–494 (1999).

14. C. Ireson, S. Orr, D. J. L. Jones, et al., Characterization of metabolites of the chemo-

preventive agent curcumin in humans and rat hepatocytes and in the rat in vivo, and

evaluation of their ability to inhibit phorbol ester-induced prostaglandin E2 production.

Cancer Res 61, 1058–1064 (2001).

15. C R. Ireson, D. J. L. Jones, S. Orr, M. W. H. Coughtrie, D. Boocock, M. L. Williams,

P. B. Farmer, W. P. Steward, and A. J. Gescher, Metabolism of the cancer chemo-

preventive agent curcumin in human and rat intestine. Cancer Epidemiol Biomarkers
Prev 11, 97–104 (2002).

16. R. A. Sharma, C. R. Ireson, R. D. Verschoyle, et al., Effects of dietary curcumin on

glutathione S-transferase and malondialdehyde-DNA adducts in rat liver and colon

mucosa: Relationship with drug levels. Clin Cancer Res 7, 1452–1458 (2001).

17. G. Shoba, D. Joy, T. Joseph, M. Majeed, R. Rajendran, and P. S. S. R. Srinivas, Influence

of piperine on the pharmacokinetics of curcumin in animals and human volunteers.

Planta Med 64, 353–356 (1998).

18. A. L. Cheng, C, H. Hsu, J. K. Lin, et al., Phase I clinical trial of curcumin, a chemo-

preventive agent, in patients with high-risk or pre-malignant lesions. Anticancer Res
21, 2895–2900 (2001).

19. M. T. Ruffin, D. P. Normolle, D. D. Heath, J. M. Bailey, S. I. Murray, M. E. Boggs,

J. A. Crowell, C. L. Rock, and D. E. Brenner, Dose escalation of curcumin in

healthy adults. Cancer Epidemiol Biomarkers Prev 12(Pt 2 Suppl S), 1324S–1324S

(2003).

20. R. A. Sharma, H. R. McLelland, K. A. Hill, et al., Pharmacodynamic and pharmacoki-

netic study of oral Curcuma extract in patients with colorectal cancer. Clin Cancer
Res 7, 1894–1900 (2001).

21. R. A. Sharma, S. A. Euden, S. L. Platton, et al., Phase I clinical trial of oral curcumin:

Biomarkers of systemic activity and compliance. Clin Cancer Res 10, 6847–6854

(2004).

22. G. Garcea, D. P. Berry, D. J. L. Jones, et al., Consumption of the putative chemo-

preventive agent curcumin by cancer patients: Assessment of curcumin levels in the

colorectum and their pharmacodynamic consequences. Cancer Epidemiol Biomarkers
Prev 14, 120–125 (2005).

23. G. Garcea, D. J. L. Jones, R. Singh, et al., Detection of curcumin and its metabolites in

hepatic tissue and portal blood of patients following oral administration. Br J Cancer
90, 1011–1015 (2004).

24. NCI, DCPC, Clinical development plan: Curcumin. J Cell Biochem 26S, 72–85

(1996).

25. C. V. Rao, A. Rivenson, B. Simi, and B. S. Reddy, Chemoprevention of colon carcino-

genesis by dietary curcumin, a naturally occurring plant phenolic compound. Cancer
Res 55, 259–266 (1995).

26. K. B. Soni, A. Rajan, and R. Kuttan, Reversal of aflatoxin induced liver damage by

turmeric and curcumin. Cancer Lett 66, 115–121 (1992).

27. T. Kawamori, R. Lubet, V. E. Steele, et al., Chemopreventative effect of curcumin, a

naturally occurring anti-inflammatory agent, during the promotion/progression stages

of colon cancer. Cancer Res 59, 597–601 (1999).



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal February 20, 2007 17:37

PHARMACOKINETICS AND PHARMACODYNAMICS 467

28. H. S. Samaha, G. J. Kelloff, V. Steele, C. V. Rao, and B. S. Reddy, Modulation of

apoptosis by sulindac, curcumin, phenylethyl-3-methylcaffeate, and 6-phenylhexyl

isothiocyanate, Apoptotic index as a biomarker in colon cancer chemoprevention and

promotion. Cancer Res 57, 1301–1305 (1997).

29. S. R. Volate, D. M. Davenport, S. J. Muga, and M. Wargovich, Modulation of aberrant

crypt foci and apoptosis by dietary herbal supplements (quercetin, curcumin, silymarin,

ginseng and rutin). Carcinogenesis 26, 1450–1456 (2005).

30. C. Luongo, A. R. Moser, S. Gledhill, and W. F Dove, Loss of Apc(+) in intestinal

adenomas from Min mice. Cancer Res 54, 5947–5952 (1994).

31. S. Perkins, R. D. Verschoyle, K. A. Hill, I. Parveen, M. D. Threadgill, R. A. Sharma,

M. L. Williams, W. P. Steward, and A. J. Gescher, Chemopreventive efficacy and

pharmacokinetics of curcumin in the Min/+ mouse, a model of familial adenomatous

polyposis. Cancer Epidemiol Biomarkers Prev 11, 535–540 (2002).

32. R. G. Tunstall, R. A. Sharma, S. Perkins, S. Sale, R. Singh, P. B. Farmer, W. P. Steward,

and A. J. Gescher, Cyclooxygenase-2 expression and oxidative DNA adducts in murine

intestinal adenomas: Modification by dietary curcumin and implications for clinical

trials. Eur J Cancer 42, 415–421 (2006).

33. A. H. Conney, Enzyme induction and dietary chemicals as approaches to cancer

chemoprevention: The seventh DeWitt S. Goodman Lecture. Cancer Res 63, 7005–

7031 (2003).

34. N. Li, X. Chen, J. Liao, et al. Inhibtion of 7,12-dimethylbenz[a]anthracene (DMBA)-

induced oral carcinogenesis in hamsters by tea and curcumin. Carcinogenesis 23,

1307–1313 (2002).

35. K. Imaida, S. Tamano, K. Kato, Y. Ikeda, M. Asamoto, S. Takahashi, Z. Nir, M.

Murakoshi, H. Nishino, and T. Shirai, Lack of chemopreventive effects of lycopene

and curcumin on experimental rat prostate carcinogenesis. Carcinogenesis 22, 467–

472 (2001).

36. B. B. Aggarwal, S. Shishodia, Y. Takada, S. Banerjee, R. A. Newman, C. E. Bueso-

Ramos, and J. E. Price, Curcumin suppresses the paclitaxel-induced nuclear factor-

kappa B pathway in breast cancer cells and inhibits lung metastasis of human breast

cancer in nude mice.Clin Cancer Res 11, 7490–7498 (2005).

37. S. V. Bava, V. T. Puliappadamba, A. Deepti, A. Nair, D. Karunagaran, and R. J. Anto,

Sensitization of taxol-induced apoptosis by curcumin involves down-regulation of

nuclear factor-kappa B and the serine/threonine kinase Akt and is independent of

tubulin polymerization. J Biol Chem 280, 6301–6308 (2005)

38. Y. Shukla, A. Arora, and P. Taneja, Antimutagenic potential of curcumin on chro-

mosomal aberrations in Wistar rats. Mutat Res: Genet Toxicol Environ Mutag 515,

197–202 (2002).

39. M. E. Egan, M. Pearson, S. A. Weiner, et al., Curcumin, a major constituent of turmeric,

corrects cystic fibrosis defects. Science 304, 600–602 (2004).

40. S. V. Singh, X. Hu, S. K. Srivastava, et al., Mechanism of inhibition of benzo[a]pyrene-

induced forestomach cancer in mice by dietary curcumin. Carcinogenesis 19, 1357–

1360 (1998).

41. M. Susan and M.A. Rao, Induction of glutathione S-transferase activity by curcumin

in mice. Drug Res 42, 962–964 (1992).

42. J. T. Piper, S. S. Singhal, M. Salameh, R. T. Torman, Y. C. Awasthi, and S. Awasthi,

Mechanisms of anticarcinogenic properties of curcumin: The effect of curcumin on

glutathione linked detoxification enzymes in rat liver. Int J Biochem Cell Biol 30,

445–456 (1998).



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal February 20, 2007 17:37

468 SHARMA, STEWARD, AND GESHER

43. W. A. Nijhoff, G. M. Groen, and W. H. M. Peters, Induction of rat hepatic and intestinal

glutathione S-transferases and glutathione by dietary naturally occurring anticarcino-

gens. Int J Oncol 3, 1131–1139 (1993).

44. A. T. Dinkova-Kostova and P. Talalay, Relation of structure of curcumin analogs to

their potencies as inducers of Phase 2 detoxification enzymes. Carcinogenesis 20,

911–914 (1999).

45. J. D. Hayes and D. J. Pulford, The glutathione S-transferases supergene family. Crit
Rev Biochem Mol Biol 30, 445–600 (1995).

46. A. Duvoix, S. Delhalle, R. Blasius, et al., Effect of chemopreventive agents on glu-

tathione S-transferase P1-1 gene expression mechanisms via activating protein 1 and

nuclear factor kappaB inhibition. Biochem Pharmacol 68, 1101–1111 (2004).

47. P. K. Lala and C. Chakraborty, Role of nitric oxide in carcinogenesis and tumour

progression. Lancet Oncol 2, 149–156 (2001).

48. T. deRojas-Walker, S. Tamir, H. Ji, J. S. Wishnok, and S. R. Tannenbaum, Nitric oxide

induces oxidative damage in addition to deaminiation in macrophage DNA. Chem Res
Toxicol 8, 473–477 (1995).

49. M. Graziewicz, D. A. Wink, and F. Laval, Nitric oxide inhibits DNA ligase activity:

Potential mechanisms for NO-mediated DNA damage. Carcinogenesis 17, 2501–2505

(1996).

50. S. Ambs, W. P. Bennett, W. G. Merrium, et al., Relationship between p53 mutations

and inducible nitric oxide synthase expression in human colorectal cancer. J Natl
Cancer Inst 91, 86–88; reply 1510–1511 (1999).

51. A. Von Knethen and B. Brune B, Cyclooxygenase-2: An essential regulator of NO-

mediated apoptosis. FASEB J 11, 887–895 (1997).

52. A. Von Knethen, D. Callsen, and B. Brune, NF-�B and AP-1 activation by nitric oxide

attenuated apoptotic death in RAW 264.7 macrophages. Mol Biol Cell 10, 361–370

(1999).

53. I. Brouet and H. Ohshima, Curcumin, an anti-tumour promoter and anti-inflammatory

agent, inhibits induction of nitric oxide synthase in activated macrophages. Biochem
Biophys Res Commun 206, 533–540 (1995).

54. M. M. Chan, H. I. Huang, M. R. Fenton,and D. Fong, In vivo inhibition of nitric

oxide synthase gene expression by curcumin, a cancer preventive natural product with

anti-inflammatory properties. Biochem Pharmacol 55, 1955–1962 (1998).

55. A. Raysid and A. Lelo, The effect of curcumin and placebo on human gall-bladder

function: An ultrasound study. Aliment Pharmacol Ther 13, 245–249 (1999).

56. S. M. Plummer, K. A. Hill, M. F. W. Festing, W. P. Steward, A. J. Gescher, and R. A.

Sharma, Clinical development of leukocyte cyclooxygenase 2 activity as a systemic

biomarker for cancer chemopreventive agents. Cancer Epidemiol Biomarkers Prev
10, 1295–1299 (2001).

57. S. M. Plummer, K. A. Holloway, M. M. Manson, et al., Inhibition of cyclo-oxygenase

2 expression in colon cells by the chemopreventive agent curcumin involves inhibition

of NF-�B activation via the NIK/IKK signalling complex. Oncogene 18, 6013–6020

(1999).

58. F. Zhang, N. K. Altorki, J. R. Mestre, et al., Curcumin inhibits cyclooxygenase-2

transcription in bile acid- and phorbol ester-treated human gastrointestinal epithelial

cells. Carcinogenesis 20, 445–451 (1999).

59. A. C. Bharti, N. Donato, and B. B. Aggarwal, Curcumin (diferuloylmethane) inhibits

constitutive and IL-6-inducible STAT3 phosphorylation in human multiple myeloma

cells. J Immunol 171, 3863–3871 (2003).



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal February 20, 2007 17:37

PHARMACOKINETICS AND PHARMACODYNAMICS 469

60. K. Sugimoto, H. Hanai, K. Tozawa, et al., Curcumin prevents and ameliorates trini-

trobenzene sulfonic acid-induced colitis in mice. Gastroenterology 123, 1912–1922

(2002).

61. R. R. Satoskar, S. J. Shah, and S. G. Shenoy, Evaluation of anti-inflammatory property

of curcumin (diferuloyl methane) in patients with post-operative inflammation. Int J
Clin Pharmacol Ther Toxicol 24, 651–654 (1986).

62. S. D. Deodhar, R. Sethi, and R. C. Srimal, Preliminary study on antirheumatic activity

of curcumin (diferuloyl methane). Indian J Med Res 71, 632–634 (1980).

63. P. R. Holt, S. Katz, and R. Kirshoff, Curcumin therapy in inflammatory bowel disease:

A pilot study. Dig Dis Sci 11, 2191–2193 (2005).

64. B. Lal, A. K. Kapoor,O. P. Asthana, et al., Efficacy of curcumin in the managememtn

of chronic anterior uveitis. Phytother Res 13, 318–322 (1999).

65. B. Lal, A. K. Kapoor, P. K. Agrawal, et al., Role of curcumin in idiopathic inflammatory

orbital pseudotumours. Phytother Res 14, 443–447 (2000).

66. R. Kuttan, P. C. Sudheeran, and C. D. Josph, Turmeric and curcumin as topical agents

in cancer therapy. Tumori 73, 29–31 (1987).

67. W. H.Chan and H. Wu, Anti-apoptotic effects of curcurnin on photosensitized human

epidermal carcinoma A431 cells. J Cell Biochem 92, 200–212 (2004).

68. M. C. Jiang, H. F. Yang Yen, J. J. Y. Yen, et al., Curcumin induces apoptosis in

immortalized NIH 3T3 and malignant cancer cell lines. Nutr Cancer 26, 111–120

(1996).

69. C. H. Yan, M. S. Jamaluddin, B. Aggarwal, J. Myers, and D.D. Boyd, Gene expres-

sion profiling identifies activating transcription factor 3 as a novel contributor to the

proapoptotic effect of curcumin. Mol Cancer Therapeut. 4, 233–241 (2005).

70. M. L. Kuo, T. S. Huang, and J. K. Lin, Curcumin, an antioxidant and anti-tumor

promoter, induces apoptosis in human leukemia cells. Biochim Biophys Acta 1317,

95–100 (1996).

71. G. P. Collett and F. C. Campbell, Curcumin induces c-jun N-terminal kinase-dependent

apoptosis in HCT116 human colon cancer cells. Carcinogenesis 25, 2183–2189

(2004).

72. M. M. Y. Chan, Inhibition of tumor necrosis factor by curcumin, a phytochemical.

Biochem Pharmacol 49, 1551–1556 (1995).

73. Y. Abe, S. Hashimoto, and T. Horie, Curcumin inhibition of inflammatory cytokine

production by human peripheral blood monocytes and alveolar macrophages. Phar-
macol Res 39, 41–47 (1999).

74. B. Gupta and B. Ghosh, Curcuma longa inhibits TNF-alpha induced expression of

adhesion molecules on human umbilical vein endothelial cells. Int J Immnopharmacol
21, 745–757 (1999).

75. Y. Moon, W. C. Glasgow, and T. E. Eling, , Curcumin suppresses interleukin 1

beta-mediated microsomal prostaglandin E synthase 1 by altering early growth re-

sponse gene 1 and other signaling pathways. J Pharmacol Exp Ther 315, 788–795

(2005).

76. E. Balogun, M. Hoque, P. F. Gong, E. Killeen, C. J. Green, R. Foresti, J. Alam, and R.

Motterlini, , Curcurmin activates the haem oxygenase-1 gene via regulation of Nrf2

and the antioxidant-responsive element. Biochem J 371, 887–895 (2003).

77. C. K. Andreadi, L. M. Howells, P. A. Atherfold, and M. M. Manson, Involvement of

Nrf2, p38, B-Raf, and nuclear factor-kappa B, but not phosphatidylinositol 3-kinase,

in induction of hemeoxygenase-1 by dietary polyphenols. Mol Pharmacol 69, 1033–

1040 (2006).



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal February 20, 2007 17:37

470 SHARMA, STEWARD, AND GESHER

78. P. F. Firozi, V. S. Aboobaker, and R. K. Bhattacharya, Action of curcumin on the

cytochrome P450-system catalyzing the activation of aflatoxin B1. Chem-Biol Interact
100, 41–51 (1996).

79. H. P. Ciolino, P. J. Daschner, T. T. Wang, and G. C. Yeh, Effect of curcumin on the aryl

hydrocarbon receptor and cytochrome P450 1A1 in MCF-7 human breast carcinoma

cells. Biochem Pharmacol 56, 197–206 (1998).

80. M. S. Woo, S. H. Jung, S. Y. Kim, J. W. Hyun, K. H. Ko, W. K. Kim, and H. S. Kim,

Curcumin suppresses phorbol ester-induced matrix metalloproteinase-9 expression by

inhibiting the PKC to MAPK signaling pathways in human astroglioma cells. Biochem
Biophys Res Commun 335, 1017–1025 (2005).



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal January 19, 2007 15:53

CLINICAL STUDIES WITH CURCUMIN

Chih-Hung Hsu and Ann-Lii Cheng

Abstract: Curcumin has long been expected to be a therapeutic or preventive agent
for several major human diseases because of its antioxidative, anti-inflammatory,
and anticancerous effects. In phase I clinical studies, curcumin with doses up to
3600–8000 mg daily for 4 months did not result in discernible toxicities except
mild nausea and diarrhea. The pharmacokinetic studies of curcumin indicated in
general a low bioavailability of curcumin following oral application. Neverthe-
less, the pharmacologically active concentration of curcumin could be achieved
in colorectal tissue in patients taking curcumin orally and might also be achiev-
able in tissues such as skin and oral mucosa, which are directly exposed to the
drugs applied locally or topically. The effect of curcumin was studied in patients
with rheumatoid arthritis, inflammatory eye diseases, inflammatory bowel disease,
chronic pancreatitis, psoriasis, hyperlipidemia, and cancers. Although the prelim-
inary results did support the efficacy of curcumin in these diseases, the data to
date are all preliminary and not conclusive. It is imperative that well-designed
clinical trials, supported by better formulations of curcumin or novel routes of
administration, be conducted in the near future.

1. INTRODUCTION

The medicinal use of the turmeric plant has been described in ancient Indian and
Chinese thousands of years ago. In India, turmeric has traditionally been used
primarily for arthritis and muscular disorders, whereas in China, it has been used
as a topic analgesic and for conditions ranging from flatulence, colic, hepatitis, to
chest pain.1 Over the past decades, numerous preclinical studies have suggested
that curcumin has beneficial effects in human diseases such as arthrosclerosis,
hyperlipidemia, thromboembolism, myocardial infarction, diabetes, rheumatoid
arthritis, human immunodeficiency virus infection, and cancers.2–5 The chapter
will review the results of clinical studies of curcumin in published journals.

2. PHASE I CLINICAL STUDIES OF CURCUMIN

2.1. Safety of Curcumin in Humans

Although curcumin is presumed to be safe by the long history of human use in
India and Asia, it was not until 2001 when the first phase I study of curcumin
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in humans reported by Cheng and colleagues.6 Curcumin, manufactured by chem-
ical methods, was formulated as a 500-mg tablet with 99.3% purity. The study
enrolled patients with premalignant lesions or high-risk individuals, including
those with oral leukoplakia, intestinal metaplasia of the stomach, uterine cervical
intraepithelial neoplasia (CIN), Bowen’s disease of the skin, and recently resected
bladder cancer. The study subjects took curcumin at doses of 500, 1000, 2000,
4000, and 8000 mg daily for 3 months. The dose was escalated to the next level
when less than one-third of three to six patients at a certain dose level experienced
no toxicity greater than grade 1 during the 3-month treatment period. The results
revealed no treatment-related toxicity up to 8000 mg/day for 3 months. However,
further escalation of curcumin was prohibited due to the bulky volume of curcumin
tablets.

Sharma and colleagues conducted two phase I studies of curcumin with differ-
ent formulations in patients with colorectal cancer who were refractory to conven-
tional chemotherapeutic agents.7,8 In the first study, curcumin was formulated as
a “Curcuma extract,” which was a 220-mg soft gelatin capsule containing 20 mg
curcuminoids (18 mg of curcumin and 2 mg of demethoxycurcumin) suspended in
200 mg of essential oils derived from Curcuma spp.7 The constitutents of Curcuma
essential oil mixtures were tumoerone, atlantone, and zingiberene. Three patients
were enrolled for each dose level, which was escalated from 440 mg Curcuma
extract (equivalent to 36 mg curcumin) to 2200 mg Curcuma extract (equivalent
to 180 mg curcumin) per day for up to 4 months. The treatment was well tolerated
in 15 patients, and there was no dose-limiting toxicity. One patient on 1320 mg
of Curcuma extract daily experienced grade 1 nausea; and two patients (one on
880 mg and the other on 2200 mg of Curcuma extract daily) developed grade 1 to
grade 2 diarrhea. In the subsequent phase I study, Sharma and colleagues evaluated
another formulation, which was a 500-mg curcuminoid capsule containing 450 mg
curcumin, 40 mg demethoxycurcumin, and 10 mg bisdemethoxycurcumin.8 The
dose levels of curcumin were 450, 900, 1800, or 3600 mg per day for up to 4
months. A total of 15 patients with refractory colorectal cancer were enrolled.
Again, the drug was well tolerated, except three patients experienced minor gas-
trointestinal adverse events, including grade 1 diarrhea and grade 2 nausea. In
addition, a minor rise of serum alkaline phosphatase level and serum lactate de-
hydrogenase (compatible with grade 1–2 toxicity) was observed in four and three
patients, respectively.

Lao and colleagues studied the safety of curcumin in healthy volunteers.9

Healthy volunteers were enrolled for a single oral administration of curcumin
with doses escalating from 500 to 12,000 mg. The curcumin was provided in
a capsule form containing a standardized powder extract from Alleppey finger
turmeric (C3 ComplexTM, Sabinsa Corp.). The curcumin capsule was composed
of a minimum 95% concentration of three curcuminoids: curcumin (75%), bis-
demethoxycurcumin (2%), and demethoxycurcumin (23%). Safety was assessed
for 72 h following the curcumin administration. Among 24 enrolled patients, 7 de-
veloped adverse effects, including diarrhea, headache, rash, and yellowish stool.
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All of the toxicities were grade 1 and not dose-related. The maximal tolerated dose
of curcumin was not reached because doses more than 12,000 mg were unaccept-
able to patients due to the bulky volume of the tablets.

In conclusion, these phase I clinical studies confirmed the safety of curcumin
in humans for a period up to 4 months of continuous treatment. In patients with
premalignant lesions or patients with advanced colorectal cancers treated with
curcumin with doses as high as 3600–8000 mg daily for up to 4 months, there was
almost no discernible toxicity related to curcumin, except for a few gastrointestinal
side effects, including nausea and diarrhea, which were usually very mild and easily
manageable. In healthy volunteers, the single oral application of curcumin with
doses up to 12,000 mg did not result in significant adverse effects. The maximal
tolerated dose, a traditional end point for anticancer chemotherapy, of curcumin
has not been reached in these studies.

2.2. Bioavailability of Curcumin

In the phase I study conducted by Cheng and colleagues, the serum concentration
of curcumin was determined by high-performance liquid chromatography (HPLC)
in selected patients after ingestion of the first dose of curcumin.6 The average Cmax

(maximum serum concentration) of curcumin in patients receiving 4000, 6000, and
8000 mg/day was 0.51 ± 0.11, 0.64 ± 0.06, and 1.77 ± 1.87 �M, respectively,
peaking at 1–2 h following oral ingestion. No curcumin could be detected in the
urine.

Two phase I studies conducted by Sharma and colleagues also evaluated the
pharmacokinetics of curcumin in advanced colorectal cancer patients.7,8 In the
first study using Curcuma extract with the doses of curcumin ranging from 36 to
180 mg daily, neither curcumin nor its metabolites were detected in blood or urine,
but curcumin was recovered from feces.7 In the subsequent phase I study using
a 500-mg curcuminoid capsule (450 mg curcumin, 40 mg demethoxycurcumin,
and 10 mg bisdemethoxycurcumin per capsule), measurement of curcumin and its
metabolites (curcumin glucuronide and curcumin sulfate) from plasma, urine, and
feces was analyzed by HPLC and mass spectrometry.8 Curcumin and its metabo-
lites were detected in plasma and urine only in patients receiving 3600 mg daily, but
not in those who received 1800 mg or less. Plasma curcumin level was detectable
only in three of six patients receiving 3600 mg daily, with a mean of 11.1 ± 0.6 nM.
However, the presence of curcumin metabolites was detected in the plasma of all
six patients consuming 3600 mg daily, with a mean of 15.8 ± 0.9 and 8.9 ± 0.7 nM
for curcumin glucuronide and curcumin sulfate, respectively. Interestingly, high
levels of curcumin and its metabolites were detected in the urine of all patients
consuming 3600 mg daily, ranging between 0.1 and 1 �M for curcumin, between
210 and 510 nM for curcumin glucuronide, and between 19 and 45 nM for cur-
cumin sulfate. The findings indicate that a certain amount of curcumin is absorbed,
metabolized, and excreted in urine in patients taking curcumin at doses of 3600
mg per day.
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Two additional studies were conducted to understand the distribution of cur-
cumin and its metabolites in intestinal tissues and liver.10,11 Patients with hepatic
metastases of colorectal cancer were enrolled. Patients were treated with curcum-
inoid capsules (450 mg curcumin, 40 mg demethoxycurcumin, and 10 mg bis-
demethoxycurcumin per capsule) with three different dose levels: 450, 1800, and
3600 mg of curcumin daily for 7 days prior to surgery. Curcumin and its metabo-
lites in portal circulation, liver tissues, and colorectal tissues were determined.
Curcumin was detected in normal mucosa and in malignant colorectal tissues in
patients receiving 1800 or 3600 mg of curcumin daily.11 The tissue concentrations
were 19.6–12.7 and 6.7–7.7 nmol/g for benign and malignant colorectal tissues,
respectively. Curcumin sulfate and curcumin glucuronide were identified in the
intestinal tissues, too. Curcumin and its metabolites were not found in bile or
normal and malignant liver tissues in any patient.10 However, trace amount of hex-
ahydrocurcumin and hexahydrocurcuminol was detected in the normal liver tissue
from one patient receiving 3600 mg of curcumin daily.

In the study conducted in healthy volunteers by Lao and colleagues, sera taken
prior to and 1, 2, and 4 h after application of curcumin were analyzed by HPLC.9

Curcumin was not detectable in all samples except that of two subjects who were
at 10,000 and 12,000 mg dose levels, respectively. The serum curcumin levels
of these two subjects were 29.7–30.4 ng/mL (equivalent to ∼0.1 �M) at 1 h
after taking curcumin and 50.5–51.2 ng/mL (equivalent to ∼0.15 �M) at 4 h,
respectively.

In conclusion, data from the aforementioned phase I studies, albeit using differ-
ent formulations of curcumin, indicate a low bioavailability of curcumin following
oral application. However, oral intake with curcumin at doses as high as 3600–
12,000 mg could result in detectable levels of curcumin and its metabolites in
plasma and urine, indicating that an active absorption and metabolism of cur-
cumin does occur. Importantly, the pharmacologically active levels of curcumin
could be achieved in colorectal tissue in patients taking curcumin orally. Although
relevant data are lacking, it is very likely that the biologically active concentra-
tions of curcumin can be achieved in tissues that are directly exposed to the drugs
applied locally or topically; examples of these, in addition to the gastrointesti-
nal tract, include oral lozenges for leukoplakia or oropharyngeal lesions, vaginal
suppository tablets for uterine cervix lesions, and topical applications for skin
lesions.

3. PHASE II HUMAN CLINICAL STUDIES OF CURCUMIN

A number of clinical studies, most of which were single-arm phase II design, have
suggested that curcumin might be beneficial in diseases such as chronic inflamma-
tion, malignancies, and premalignant lesions. Unfortunately, most of these studies
employed only small numbers of patients, and none of these observations has been
verified by other groups of investigators. Further, although some of these trials
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did include a control group as a part of the study design, a large-scale randomized
control study of curcumin has never been conducted.

3.1. Anti-inflammatory Effect of Curcumin

3.1.1. Oral Application of Curcumin for Inflammatory Diseases

Deodhar and colleagues randomized 18 patients with rheumatoid arthritis to receive
either curcumin (1200 mg/day) or phenylbutazone (300 mg/day) for 2 weeks.12

Patients receiving curcumin had improvement of rheumatoid symptoms as much as
that of patients receiving phenylbutazone. The administration of curcumin caused
no discernible side effects. However, the long-term effect of curcumin in rheuma-
toid arthritis has not been reported.

Lal and colleagues studied the effect of curcumin in two inflammatory eye
diseases.13,14 In one study, 53 patients with chronic anterior uveitis were enrolled
for the treatment of curcumin, 375 mg three times daily, for 12 weeks.13 The cur-
cumin preparation, isolated from rhizomes of Curcuma longa with more than 95%
purity, was formulated in a gelatin capsule. Only 32 patients who had completed
12 weeks of curcumin treatment were reported. Uveitis-related symptoms and
signs, such as pain, redness, lacrimation, poor vision, circumciliary congestion,
keratic precipitates, flare, and vitreous turbidity, improved in 86–100% of cases.
However, during the subsequent 3 years of follow-up, 47% of patients experienced
relapse of diseases, and around 20% of patients lost their vision. In the other study,
eight patients of idiopathic inflammatory orbital pseudotumor, previously treated
by corticosteroids, were treated with curcumin, 375 mg three times a day.14 One
patient had histological diagnosis, and the other patients were diagnosed solely by
clinical and imaging studies. Three patients dropped out after 2–8 weeks of treat-
ment. Among the remaining five patients who had been treated for 6–22 months,
four showed complete regression. The other patient had complete normalization
of the imaging study, but still suffered from a partial limitation of ocular move-
ment. Taken together, curcumin in such a dose and schedule was well tolerated
and appeared effective in patients with chronic anterior uveitis or inflammatory
orbital pseudotumor.

Holt and colleagues reported the use of curcumin in the treatment of inflam-
matory bowel disease.15 Five patients with ulcerative proctitis were treated with
curcumin, 550 mg twice daily for 1 month, followed by 550 mg three times daily
for another month. All patients improved. Another five patients with Crohn’s dis-
ease were treated with curcumin, 360 mg three times daily for 1 month, followed
by 360 mg four times daily for another 2 months. Four of five patients with Crohn’s
disease improved, as evidenced by improvement of the surrogate end points in-
cluding Crohn’s Disease Activity Index (CDAI) and erythrocyte sedimentation
rate (ESR).

Durgaprasad and colleagues reported the efficacy of curcumin in patients with
nonalcoholic chronic pancreatitis of the tropics.16 A total of 20 patients were
randomized to receive either placebo or curcumin; the latter was a mixture of
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500 mg of pure extract of curcumin and 5 mg of piperine, three times daily for
6 weeks. Only 15 patients (75%) returned for evaluation following 6 weeks of
treatment. There was no improvement in pain as assessed by the visual analog score.
Nevertheless, in the curcumin-treated group, there was a significant reduction
in the serum erythrocyte malonyldialdehyde level and an increase in the serum
glutathione level, suggesting a reversion of excessive lipid peroxidation.

3.1.2. Topical Use of Curcumin for Inflammatory Diseases

Psoriasis is a skin disease characterized by hyperproliferation and inflammation.
Heng and colleagues reported the topical use of curcumin in the treatment of active
plaque lesions.17 The topical curcumin was prepared in an alcoholic gel containing
1% curcumin. In the first cohort of 10 patients treated by curcumin, 5 had more
than a 90% resolution of psoriasis after 2–6 weeks of treatment, and the remaining
5 patients showed a 50–85% resolution after 3–8 weeks. In the second cohort
of six patients, two untreated plaques of similar disease activity were selected—
one treated with curcumin gel twice daily and the other with the alcoholic gel
base. After 3–4 weeks, six of six curcumin-treated plaques improved by 25–70%,
compared with no improvement (two of six) or worsening (four of six) of the
vehicle-treated plaques.

3.2. Anticancer Effect of Curcumin

3.2.1. Effect of Curcumin for Advanced Cancers

Kuttan and colleagues reported the use of turmeric as a topical treatment for oral
cancers and leukoplakia. Of 62 patients enrolled, 10% showed a reduction in lesion
sizes.18

Although there is no formally reported phase II trial for curcumin in the treatment
of human cancers, some anticancer activity was noticed in the aforementioned
phase I studies. Two phase I studies conducted by Sharma and colleagues evaluated
the effect of curcumin in patients with advanced colorectal cancer.7,8 In the first
study, Curcuma extract with the doses of curcumin containing 36–180 mg curcumin
were administered daily for 4 months.7 Five out of 15 patients had radiologically
stable disease for more than 3 months. Another patient had a significant reduction
of the carcinoembryonic antigen (CEA). In the subsequent phase I study using a
500-mg curcuminoid capsule (450 mg curcumin, 40 mg demethoxycurcumin, and
10 mg bisdemethoxycurcumin per capsule), 2 out of 15 patients had radiologically
stable disease for up to 4 months of treatment.8 Although these results might
suggest a cytostatic effect of curcumin in some of the advanced colorectal cancers,
confirmatory studies are needed.

3.2.2. Effect of Curcumin for Precancerous Lesions
(Chemopreventive Effect)

In the phase I study conducted by Cheng and colleagues, patients with prema-
lignant lesions were enrolled; and indicative lesions before and after curcumin
treatment were biopsied and compared histologically.6 Histological improvement
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was seen in one of two patients with recently -resected bladder cancer, two of
seven patients with oral leukoplakia, one of six patients with intestinal metaplasia
of the stomach, one of four patients with uterine CIN, and two of six patients with
Bowen’s disease. On the other hand, one patient with CIN and another patient with
oral leukoplakia progressed to frank malignancies during the study period. These
data were suggestive for a chemopreventive effect of curcumin, but large-scale
prospective studies are needed for confirmation.

4. MISCELLANEOUS ACTIVITY OF CURCUMIN

Curcumin has also been evaluated as an antiviral agent for human immunodefi-
ciency virus (HIV). However, in a 40-patient cohort, there was no evidence that
curcumin reduced viral load or increased CD4 counts.19

The effect of curcumin in reducing the serum levels of cholesterol and lipid
peroxides was studied in 10 healthy volunteers, who received 500 mg of curcumin
per day for 7 days.20 A significant decrease in the level of serum lipid peroxides
(33%), an increase in high-density lipoprotein cholesterol (29%), and a decrease
in total serum cholesterol (11.63%) were reported.

5. FUTURE CHALLENGE FOR THE CLINICAL DEVELOPMENT
OF CURCUMIN

In the past few decades, a number of phase I and phase II studies of curcumin
for different disease entities have been conducted. However, the true value of
curcumin as a therapeutic agent for human diseases remains elusive. To advance
our knowledge in the clinical application of curcumin, several issues related to
clinical trials should be addressed.

5.1. Formulation Issues

The compositions and preparations of curcumin used in previous clinical studies
were heterogenous, a situation that makes the comparison of the results from differ-
ent studies difficult. It is therefore mandatory to use pure curcumin, manufactured
by a standardized procedure, for future clinical studies.

A relatively poor oral bioavailability of curcumin has been noticed in all phar-
macokinetic studies. This low oral bioavailability of curcumin would inevitably
limit the application of this agent. Development of new formulations or analogues
of curcumin with better bioavailability, as well as novel routes of administration,
will be critical for future development of curcumin.

5.2. Trial Design

Much of the enthusiasm of curcumin has been focused on the treatment of inflam-
matory and neoplastic diseases. Unfortunately, the natural courses of these two
human diseases are quite variable and make the results of most single-arm studies
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Table 1. Examples of ongoing clinical trials with curcumin.

DISEASE INSTITUTION STUDY DESIGN STARTING DATE

Multiple myeloma M.D. Anderson Cancer

Center, USA

Pilot study with two arms:

curcumin vs.

curcumin + bioperine

Nov. 2004

Pancreatic cancer M.D. Anderson Cancer

Center, USA

Phase II single-arm:

curcumin

Nov. 2004

Pancreatic cancer Rambam Medical Center,

Israel

Phase II single-arm:

curcumin +
gemcitabine

July 2004

Familial

adenomatous

polyposis

Johns Hopkins University,

USA

Phase II : curcumin Nov. 2005

Sporadic

adenomatous

polyps, recently

resected

University of

Pennsylvania, USA

Phase II,

placebo-controlled:

curcuminoids

July 2005

Aberrant crypt foci

in colon

University of Medicine

and Dentistry New

Jersey, USA

Phase II: curcuminoids vs.

sulindac

Apr. 2004

Chronic psoriasis

vulgaris

University of

Pennsylvania, USA

Phase II, single-arm:

curcuminoids

Oct. 2005

Alzheimer’s disease University of

Pennsylvania, USA

Phase II,

placebo-controlled:

curcumin C3 complex

July 2003

Alzheimer’s disease Chinese University of

Hong Kong, Hong

Kong

Phase I/II,

placebo-controlled:

curcumin + ginkgo

extract

Oct. 2004

not quite interpretable. Therefore, it is imperative that future clinical studies should
try to include a control arm for comparison. Further, inclusion of surrogate end
points such as relevant biomarkers, might also help in defining the efficacy of
curcumin.

5.3. On-going Clinical Trials of Curcumin

Currently, curcumin is investigated as a therapeutic agent for various types of
human cancer. Curcumin is also being studied in other diseases that are re-
lated to oxidative stress and chronic inflammation, such as Alzheimer’s disease.21

Table 1 is a selected list of ongoing clinical trials (for details, please refer to
www.ClinicalTrials.gov).

6. CONCLUSIONS

As demonstrated in numerous preclinical and early-phase clinical studies, cur-
cumin is safe and is expected to be effective in human diseases such as chronic
inflammation and cancer. However, the results of clinical trials to date are all
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preliminary and not conclusive. It is imperative that well-designed clinical trials,
supported by better formulations of curcumin or novel routes of administration,
be conducted in the near future.
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bFGF-induced corneal neovascularization, 187
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204
chalcones, 83–84
chemical carcinogenesis

curcumin inhibition, 228
inhibitory effect of U1, 408–409

chemoprevention, 86–87, 149–50. See also
�-diketone moiety.

curcumin analogues, 79
chemopreventive and anticancer effects, 11t
chemopreventive effects of curcumin, 150–55

and underlying mechanisms, 156t
potential action mechanisms, 237–38

chemotactic cytokines (chemokines), 333–34
autoimmune diseases-regulation of curcumin,

440
chemotherapeutic approaches, 77–78
Chinese hamster ovary (CHO)

cells-radiosensitization, 312
chronic anterior uveitis patients, 475
chronic inflammation-protective effect of

curcumin, 396
chronic lung disease (CLD), 332–33
chronic obstructive lung disease, 388–98
chronic obstructive pulmonary disease

(COPD)/emphysema, 380, 388–90
chronic renal allograft nephropathy, 414
cigarette smoking (CS), 388–90
Circumin as Curcuma extract, 472
c-jun and c-fos expression, suppression of,

233–34
clinical pharmacokinetics and metabolism,

456–57
clinical phase I dose-escalation study, 456
clinical trials for skin disorders, 351–52
CNS A� infusion into genomic wild-type tau

transgenic mice, 203–204
colorectal cancer-refractory to standard

chemotherapy, 456-57
cop9 signalosome, 191
COPD. See Chronic obstructive pulmonary

disease.
COX isoforms, 216
COX pathway, inhibition of, 216
COX-1, 109, 216
COX-2 and iNOS, improper upregulation of,

158–59
COX-2 mRNA

marked inhibition of, 159
UVB-irradiated HaCaT cells, 311

COX-2 regulation, molecular mechanism of,
217–19

COX-2, 109-10, 216
modulating iNOS, 218–19

Curcuma longa, 1, 106, 305
as a household remedy, 213
cancer chemotherapy, 245
chemopreventive phytochemicals, 149
medicinal use, 359–65
therapeutic properties, 380
wound-healing, 425

Curcuma spp., 453–54
curcumin

antioxidant effect, 253–54, 368–70
antiproliferative and cytoxic action, 174–78
as a HAT inhibitor, 140–41
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as a potent drug, 360–61
as anti-inflammatory agent, 6–10

ROS, 8–9, 230
as inhibitor of reactive-oxygen-generating

enzymes, 229–30
biphasic or dose-dependent responses, 198
chemical structure, 214
chemosensitizing activities, 282–89
history of, 1–2
immunological effects, 322–27
inhibition of carcinogenesis, 176–77
mediating autoimmune diseases, 432–34
medicinal efficacy, 1–4

disease targets, 10
traditional uses, 6f

metabolism of, 228–29
molecular targets, 5–10, 227–38
pharmaceutical/clinical safety, 464–65,

471–73
physical properties, 2
pro angiogenic agent in wound-healing, 351
proapoptotic effect on human Neutrophils,

394–96
protects against various lung diseases,

398–401
receptors, 10
therapuetic use, 112–19
topical application, 459
treatment of active plaque lesions, 476
treatment of autoimmune disease (s), 427

curcumin (U1), 407–08
alcoholic liver disease (ALD) model rats,

418–19
curcumin analogues

anticancer and antiangiogenic properties,
88–89

in cancer treatment, 79–86
aromatic moieties, 84

curcumin bioavailability, 454–55, 473–74
curcumin glucuronide, 229
curcumin inhibition, 396–98
curcumin metabolites, 473
curcumin sulfate, 229
curcumin’s antiangiogenic effect, 186
curcumin+BLM-treated lung, 385f(d), 385f(f)
curcumin-induced G1/S phase arrest, 247–48
curcumin-induced G2/M phase arrest, 248–49
curcumin-mediated cell death, 250–54

positive effects, 252–53
curcuminoids C3, 456
curcuminoids, 282

hepatoprotective effects, 417–19
in vitro antioxidant activity, 411–12

nephroprotective effects, 414–17
sources of, 3

curriculum-treated lung, 385f(b)
curumin (Curcuma longa)—proapoptopic

effect, 387–88
curumin (Curcuma longa)—therapeutic

effects, 380–87
cyclin D1, 191
cyclooxygenase (COX) activity, 86
cyclooxygenases (COX) and lipoxygenases

(LOX)
effect on curcumin, 109
cyclophosphamide-induced lung injury,

383
cyclosporine (CsA) treatment, 414
CYP1A1 enzyme activity, 157
CYP1A1-mediated benzo(a)pyrene diol

bioactivation, 230–31
cystic fibrosis transmembrane regulator

(CFTR), 286
cytochrome-c, 90
cytokines-immune response, 332–34
cytotoxic T-lymphocytes (CTLs), 330–32

DAR-ECV cells, 190
delayed aging through curcumin, 114–15
dendritic cells (DCs), 326
diabetes, 116
dibenzoylmethane, 85
dietary antioxidants, 234
dietary curcumin on colorectal

carcinogenesis-effects of, 457–59
dietary phytochemicals, 227, 453–54
dietary supplements, 343
dilated cardiomyopathy (DCM), 431
direct angiogenesis inhibitors, 186
direct DNA damage or ROS, 309–11
DMBA plus TPA-induced mouse skin tumor,

150
DMBA. See 7,12-dimethylbenz[a]anthracene.
DNA binding, 127
DNA dsbs, 313
dose–effect relationships, 460–62
double-stranded DNA (dsDNA), 432
downregulation of COX-2 through suppression

of NF-�B, 218
dual COX/LOX inhibition by curcumin,

advantages of, 220–21

EAE. See Experimental allergic
encephalomyelitis.

early growth response-1, 134
wound healing, 349
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EF-24 (41), 88–93, 95–98
�, �-unsaturated ketone structure, 91
mechanism(s) of cell kill, 90–91
rabbit corneal model, 95

EF24-FFRck synthesis of, 94–95
EF24-FFRck-fVIIa conjugate, 95–97
EF-24-GSH (42), 91–93
efficacy of curcumin, 460–62
EGF Receptor Tyrosine Kinase activity,

235–37
EGF receptors, 9

in A431 cells, 235, 257
EGF. See epidermal growth factor.
EGFR. See EGF receptors.
Egr-1. See early growth response-1.
Ehrlich’s ascites carcinoma (EAC) cell (s),

176
eicosanoid byproducts of AA, 323–24
electrophile-response elements (EpRE), 137
endothelial cell migration (ECM), 187–89
endotoxin-induced ALI, 393–94
enzymatic degradation of AA by COX-2 or

LOX, 323
eosinophils, 396–97
epidermal growth factor, 9
ErbB2-overexpressing breast tumors, 237
ERK1/2-mediated and Akt-meditated pathway,

190
ethanol-induced toxicity, 204
eukaryotic transcription factors, 127
experimental allergic encephalomyelitis, 428

IL-12 family cytokines, 435
exposure dose, 302–303
extracellular matrix (ECM), 116
extracellular proteolysis, 188
extrinsic pathway-effects of curcumin, 250

factor VIIa–tissue factor complex (fVIIa-TF), 77
Fas associated protein with death domain

(FADD), 250, 251
Fas receptor aggregation, 250
ferric nitrilotriacetate (Fe-NTA), 415
FFRck. See phenylalanine–phenylalanine–

arginine–chloromethyl
ketone.

fibroblast growth factor (FGF), 10
FGF-2, 188–89
fibrin, 365
5-HETE, inhibitory activities of curcuminoids,

220
5-LOX-mediated arachidonic acid, 219
[14C]-arachidonic acid (AA), 216–17
free radicals, 106–07

free-radical theory of aging, 114
frontotemporal dementia (FTD), 203
FTD mutant tau transgenic mice model, 203

G0/G1 cell cycle arrest in HCT15 colon cancer
cells, 246–47

� -secretase enzyme complex, 199
gamma interferon (IFN-� ), 332
gas exchange, 379
gastric ulcer, 348
gastrointestinal glutathione peroxidase

(GI-GPx), 140
glandular stomach carcinogenesis in male Wistar

rats, 152
global cardiac ischemia/reperfusion injury, 131
glutathione

MRP1-mediated drug resistance, 275
oxidative stress, 370
usefulness in diabetic rats, 415–17

glutathione-S-transferase (GST) enzyme
activity, 158

glutathione-S-transferases (GST), 459–60
glyoxalase enzyme system, 306
granulation tissue, 348
growth arrest in breast cancer cells- Proteasome

targeting, 235
GSH. See Glutathione.
guinea pigs with ovalbumin (OVA), 398
Gy � -radiation, 305–309

HAT. See histone acetyltransferases.
HCT 116 cell line, 174–75

G2/M phase arrest, 248
transcriptional induction of GADD153

protein, 257
head and neck squamous cells (HNCCs), 175,

248
head trauma, 204
healthy volunteers-safety of curcumin, 472–73
heat shock proteins (HSPs), 200–01
HEL in vivo-chemical identification , 414
heme oxygenase-1 (HO-1), 230, 345
hemi-body exposure of mice, 306–07
heparin affin regulatory peptide (HARP), 132
hepatic fibrogenesis

PPAR-� activity, 136–37
hepatocellular carcinoma cell (s)

in mice, 153-54
VEGF and COX-2 in HepG2 cell line, 187

HepG2. See hepatocellular carcinoma cell (s)
high-density lipoprotein (HDL) cholesterol, 361
high-LET (linear energy transfer) radiations,

301–302



P1: OTE/SPH P2: OTE

SVNY332-Aggarwal February 8, 2007 20:29

INDEX 485

high-performance liquid chromatography, 80
radical-scavenging capacities of U1 and

THU1, 415
serum concentration of curcumin, 473

histone acetyltransferases, 140
HPBLs exposed to 3 Gy � -radiation, 311f
HPLC. See high-performance liquid

chromatography
HPV. See human papillomaviruses.
HTLV-1-transformed T-cell leukemia, 256
human breast cancer (MCF-7) cells, 248–49, 287

EF-24, 89–92
estrogen-negative MDA-MB-231, 161
G2/M phase arrest, 248
NF-Kb, 131
tumor suppressor gene p53, 138

human breast cancer carcinoma cell line
(MCF-7), 175

human breast cancer xenograft model
lung metastasis, 179, 255, 459

human Burkitt’s lymphoma (CA46) cells, 248
human chronic myelogenic leukemia cell line

(K-562), 174
human colon adenocarcinoma(HT-29), 252
human colon cancer-derived Moser cells,

160–61
human gingival fibroblast, 176
human hepatoma G2 cell line (HepG2), 175
human immunodeficiency virus (HIV)-curcumin

as antiviral agent, 477
human ovarian cancer cell line (Ho8910), 251
human pancreatic carcinoma cell line SUIT-2,

178
human papillomaviruses, 132, 256
human peripheral blood lymphocytes (HPBLs),

308–309
human promyelocytic HL-60 cells, 231–32
human promyelocytic leukemia (HL-60) cells,

160
overexpression of Bcl-2 or Bcl-XL, 251

human proximal tubule epithelial cells, 252
human submandibular gland carcinoma (HSG)

cell line, 176
human telomerase reverse transcriptase

(hTERT), 249
human umbilical vein endothelial cells, 83–84,

247, 351
G1/S Phase, 247–48

humoral immunity, 327–28
Huntington’s Disease (HD), 203
HUVECs. See human umbilical vein endothelial

cells.
hydroxyeicosatetraenoic acids (HETEs), 219

ICAM-1 and VCAM-1 in the liver and lungs,
393–94

ICAM-1. See intracellular adhesion molecule-1.
idiopathic inflammatory orbital pseudotumor,

475
IL-2-induced proliferation of spleen cells, 330
immune system, 322, 425
immunomodulator (s), 177
impaired wound-healing, 349–50
indirect angiogenesis inhibitors, 186
inducible nitric oxide synthase, 110–11

improper regulation, 158–59
induction of phase II enzymes, 459–60
inflammatory bowel disease (IBD), 430–31

phase-II clinical trials, 475
inflammatory cytokines in target organs,

434–35
inflammatory diseases-effect of oral curcumin,

462
inflammatory response to wound healing,

347–48
inhibition of eicosanoid pathways, 215–216f
inhibitory protein, 111

NIK/IKK-mediated phosphorylation, 437
innate immunity, 322
iNOS activity, inhibition of, 460
iNOS. See Inducible Nitric Oxide Synthase
insulin-like growth factor (IGF)-I, 276–77
interleukin (IL)-18-induced vascular endothelial

growth factor (VEGF), 132–34
interleukin (IL)-6, 9

human multiple myeloma cells, 233
interleukin-12 (IL-12) family cytokines,

435–436
intestinal tumors in C57BL/6J-Min/+ mice,

inhibition of, 324–25
intracellular adhesion molecule-1, 189
intrinsic cellular radiosensitivity, 312
intrinsic pathway-effects of curcumin, 251–52
intrinsic resistance or de novo resistance of

cancer cells, 271
ionizing radiation (s), 314

harmful effects, 302–303
impaired wound-healing, 350
interaction with biological molecules,

301–304
isoprenaline (ISO)-induced myocardial necrosis,

368
I�B. See inhibitory protein.
I�B� kinase, 129–31

JAK–STAT Signaling, 256
transcription of IL-12 response genes, 437–39
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Janus kinase (JAK), 134–36
Jun N-terminal kinase (JNK), 132

Keap1. See Kelch-like ECH-associated protein 1.
Kelch-like ECH-associated protein 1, 139, 231,

345
keratinocyte cell line NCTC 2544, 178

“leaky” mitochondrial membrane, 90–91
leukotrienes (LTs), 219, 221
lipid peroxidation, 368, 411
lipoxins (LXs), 219, 221
liver fibrosis, 115–16
local tumor control or radiocurability, 312
long evans cinnamon (LEC) rats, 179
loss of ��m , 251
low-density lipoprotein-cholesterol (LDL-C),

114
LOX pathway, regulation of, 219–221
LOX, 109–10
LTB4, 219
lung diseases, 379–80
lymphoid cell populations, 324–25
lymphokine-activated killer (LAK) cells, 330–32

mad cow disease, 203
male F344 rats-oral carcinogenesis, 151–52

(AOM)-induced colon carcinogenesis, 177
mammalian P-glycoproteins, 272
mammalian STAT family members, 134–36
mammalian target of rapamycin

(mTOR)-mediated signaling pathways in
rhabdomyosarcoma cells, 232

mammary carcinogenesis, 228
mantle cell lymphoma (MCL) cell lines, 112
MAPK. See mitogen-activated protein kinase.
matrix metalloproteinases, 12

curcumin analogues in Cancer treatment,
84–85

curcumin treatment inhibitions, 161–62
ECM remodeling, 188–89
UV-induced ROS, 311

maximum tolerated dose (MTD), 90
MCF-7 MDR, 284
MDM2 oncogene action, 233
MDR chemosensitizers, 280–82
MDR in cancer, 269
MDR modulators, 279
MDR. See multidrug resistance.
MDR1

gene product, 271–72
gene promoter, 284

MDR-1 gene expression, 259

MDR1 gene promoter activity, 282
MDR1/MRP-modulation of function and

expression, 280–82
MDR1-Pgp, overexpression of, 272
MDR-associated protein, 274–75

chemosensitizers of, 279
effect of curcumin, 285–86

MDR-reversing properties of THC, 284–86
mechanism of radiosensitization, 314–315f
mediators of inflammation, 323
membrane type-1 matrix metalloproteinase, 161,

179
metabolites of curcumin-chemical structures,

229
Michael acceptor (s), 79–82
micronucleated polychromatic erythrocytes

(MPCEs), 305
mitogen-activated protein kinase, 131

induction of apoptosis, 257, 327
pathogenesis of autoimmune diseases, 439–40
Ras functions, 190

mitogen-induced proliferation of lymphocytes,
330

mitoxantrone resistance protein, 275–76
chemosensitizers of, 280
effect of curcuminoids, 286–87

MMP-9 secretion in SK-Hep-1, 236–37
MMPs. See matrix metalloproteinases.
modulation of iNOS expression, COX-2

regulation, 218–19
molecular structure of curcumin, 79
monoketo diarylpentanoid class of molecules, 87
Moser cell (human colon cancer cell line), 136
mouse B16-R melanoma tumor cells, 328
mouse embryo fibroblast NIH 3T3, 231
mouse skin carcinogenesis model, 150. See also

TPA-induced two-stage skin
carcinogenesis.

mRNA for p21WAF1/CIP1, 247
mRNA production for pro-inflammatory

mediators, 198
Mrp1 -/- knockout mice, 275
MRP-1. See MDR-associated protein.
MRP1-expressing Sf9 cells, 285
MT1-MMP. See membrane type-1 matrix

metalloproteinase.
multidrug resistance protein-1, 274–75
multidrug resistance, 82

active drug efflux, 270–71
mechanisms, 270–82

multiple sclerosis (MS), 427–28
multistage carcinogenesis-inhibitory effects of

curcumin, 155f
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murine hepatocarcinogenesis model, 150–51
murine models, 346–47
mutagenesis induced by aflatoxin (AF) B1,

417–18
MXR. See Mitoxantrone Resistance Protein.
myesthenia gravis (MG), 432
myocarditis, 431

National Cancer Institute, 82, 88–89
NCI. See National Cancer Institute
Neisseria gonorrhoeae (Ngo), 131–32
neurodegenerative diseases of aging, 197
neuroprotective effects of curcumin, 205–206t
NF-E2-related factor 2, 139–40, 345

dissociation from Keap1, 158
NF-�B activation-immune reponse, 334–35
NF-�B signaling, 255

pathway in APCs, 436–37
nicotine-induced lung injury, 390–92
nicotine-induced lung toxicity in rats, 390–91
nicotine-protection through curcumin, 118
NIH 3T3 cells, 235
nitric oxide (NO), 106, 110
N-nitrosodiethylamine (DENA), 150
NO synthases (NOS), 460
nonalcoholic chronic pancreatitis of the tropics

phase-II clinical trials, 475–76
nonsteroidal antiinflamatory drugs, 6.
notch signaling by curcumin, downregulation of,

131
Nrf2. See NF-E2-related factor 2.
Nrf2/ARE pathway, 345
Nrf2/ARE signaling pathway, 139–40
NSAIDs. See nonsteroidal antiinflamatory drugs.
nuclear factor-�B (NF–�B), 78, 129–32, 175

effect of curcumin, 111–12, 287–89
pathogenesis of melanoma, 189
regulation of COX-2, 218
resistance to chemotherapeutic agents,

270–71
resistance to insulin, 12

nucleotide-binding domains (NBDs), 273–74
nutraceuticals, 440–41

O:H bond, 108
·OH radicals, 302
oncogenes and tumor suppressor genes, 162–63.

See also
p53/poly(ADP-ribose)polymerase.

oncogenic H-Ras proteins, 190
1,2-dimethylhydrazine dichloride (DMH), 410
ongoing clinical trials with curcumin, 478t
ONOO−. See oxidant peroxynitrite.

ophthalmological conditions- effect of oral
curcumin, 462–63

OPN. See Osteopontin.
Oral curcuma extract, 154
Osteopontin, 179, 236–37
oxidant peroxynitrite, 106, 110
oxidation status of cells, 253–54
oxidative cell injury of kidney cells (LLC-PK1),

368
oxidative damage and inflammation, 202
oxidized cholesterol in body, 367–68
oxygen in aerobic forms, 106

p300/CBP, 140–41
p53 Signaling, 255–56
p53/poly(ADP-ribose)polymerase, 110, 137–38.

See also Oncogenes and tumor
suppressor genes.

paclitaxol, 288
paraquat-induced lung injury, 383–4
Parkinson’s disease (PD), 201–202
PARP. See poly(ADP-ribose)polymerase.
peroxidation of lipids, 108
peroxisome proliferator-activated receptor-�

(PPAR-� ), 136–37
PGE2 production in human blood, 461–62
P-glycoprotein, 271–74

chemosensitizers of, 278–79
effect of curcumin, 283–85

Pgp. See P-Glycoprotein.
Pgp-mediated drug resistance, mechanism of,

273–74
pharmacodynamics-preclinical models, 457
pharmacokinetic properties in mice, 228–29
phase I clinical studies, 471–74
phase I enzymes, 157
phase I study for Bowen’s disease, 351
phase II detoxifying enzymes, 158
phase II enzyme inducers, 231
phenylalanine–phenylalanine–arginine–

chloromethyl ketone,
94–98

phosphorylase-kinase (Phk) activity, 117–18,
346

PI3K–AKT signaling pathway, 439–40
PKC. See protein kinase C
PKC-dependent signal transduction pathways,

344–45
platelet adhesion, 361
platelet phospholipids, 362
precancerous lesions-chemopreventive effect,

476–77
proangiogenic proteins, 186
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proinflammatory cytokines, production of, 178
pro-inflammatory signaling, suppression of,

158–59
pro-oxidant DNA cleaving activity, 254
prostaglandins (PGs) synthesis, 109
prostrate DU145 cells, 179
proteasomal inhibition of curcumin, 198
protective effects of U1 and THU1, 415
protein kinase C, 227

inhibition of, 234
signal transduction pathways, 364

protein kinase mTOR, 232
PSC833 (valspodar), 279
psoriasis, 117–18, 345–46

topical therapies of curcumin, 346, 430
pulmonary fibrosis, 381–83
pyrimido-[1,2�]purin-10(3H)-one-2′-

deoxyguanosine (M1dG),
461–62

radiation therapy, 303–304
radiation-induced lung injury, 383
radiolysis of water, 302
radioprotection, 313–314
radioprotective ability-survival studies, 307–308
radiosensitization, 312–13
Ras signaling cascade, 162
Ras-SEK-1-JNK pathway, 190–91
rat aortic smooth muscle cells (A7r5), 247–48
rat histiocytoma (AK-5), 254
rat mammary DMBA–DNA adducts, 152–53
RAW264.7 cells, 111
reactive oxygen species, 8–9, 311–13. See also

antioxidants.
cytotoxic action of curcumin, 176
free radicals, 106–107
induction of Apoptosis, 90–91
tumor promotion, 112–13
XD/XO conversion, 369

reepithelialization, 348
regulation of COX and LOX pathways, 214
related adhesion focal tyrosine kinase (RAFTK),

364
rheumatoid arthritis (RA), 429–30
rhodamine 123, efflux of, 283
rodents-pharmacokinetics and metabolism,

454–56
ROS. See Reactive oxygen species.

saline treated lung, 385f(a)
SARs. See structure–activity relationships.
scleroderma lung fibroblast (SLFs), 387–88
scleroderma, 344–45, 387

screening of natural products, 78
senile plaques, 199
sequential cytotoxicity, 91
7,12-dimethylbenz[a]anthracene, 85
signal transducer and activator of transcription,

129
signaling pathways

apoptotic cell death, 159–61
influence of curcumin, 129, 255–57

single- or double-strand breaks (dsb), 313
single-arm phase II design, 474–77
SK-Hep-1 cell line of human hepatocellular

carcinoma (HCC), 190
skin cancer, 346–52

curcumin and angiogenesis, 350–51
skin carcinogenesis-oxidative stress, 347
skin damage, 344
skin tumor by ultraviolet B (UVB) light, 347
skin, 344
squamous cell carcinoma

SSC2-radiosensitization, 312
squamous cell lung carcinoma (H520), 259
STAT 3, 134–36
STAT. See Signal transducer and activator of

transcription
structure–activity relationships, 78–89
suppression of tumor promotion, 112–114
synuclein aggregation, 202
systemic lupus erythematosus (SLE), 431–32
systemic sclerosis (SSc), 344, 387

tauopathies, 203
T-cell proliferation, 328–30
tetrahydrocurcumin (THU1), 270, 284–87, 306,

407–09
MRP1 function modulation, 286
oxidative stress in cholesterol-fed rabbits,

413–14
TF. See Tissue factor.
THC See Tetrahydrocurcumin
thresiamma, C, 383
thromboxane A2 (TXA2), 362
THU1 feeding-chemopreventive effects, 410
tissue factor, 94–97
tissue inhibitors of matrix metalloproteinases

(TIMPs), 178
TNF. See Tumor necrosis factor.
toll-like receptors (TLRs), 432–33
TPA. See 12-Otetradecanoylphorbol-13-acetate.
TPA-induced tumor promotion, 150, 233–34
TPA-induced two-stage skin carcinogenesis,

177. See also mouse skin carcinogenesis
model.
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TPA-responsive elements (TRE), 162
TPA-stimulated NF-�B activation in mouse

skin, 234
traditional hormone-treated cancers, 85–86
TRAIL-mediated immunotherapy-sensitizing

prostate cancer cells, 232
transcription factor NF–�B, 6, 367
transcription factors-modulation by curcumin,

127–41
and regulated genes, 128t
AP-1 signaling pathway, 133f
NF-�B signaling pathway, 130f
Nrf2-mediated gene transcription, 139f
STAT-3 signaling pathway, 135f

transforming growth factor (TGF)-� signaling,
137, 257

tumor drug resistance, 270
tumor necrosis factor

effect of curcumin, 112
treatment of endothelial cells, 189
related apoptosis-inducing ligand (TRAIL),

327
tumor promoter, 112–13
tumor suppressor TP53, 278
tumor/cancer cell lines, 88–89
tumorigeneis in vivo with minimal toxicity,

89–90
turmeric/curcumin, 1

anti-inflammatory effects, 4, 215, 322–24
phase-II clinical trials, 475–77

steroids and NSAIDs, 6
biological effects of, 245–46
compostion of, 2
medicinal use, 305

12-otetradecanoylphorbol-13-acetate, 113
downregulation of COX-2 through

suppression of NF-�B, 218
Egr-1, 134
human breast epithelial cells (MCF10A),

179
mouse skin carcinogenesis model, 150.

oncogenes and tumor suppressor genes,
162–63

12-TM-region model of P-glycoprotein, 273
26S proteosome, 191
Type 1 diabetes, 429

U1 in mice, pharmacokinetic properties, 409
ubiquitin proteasome system (UPS), 131, 236
ultraviolet B (UVB), 309–11, 347
urokinase plasminogen activator system (uPA),

188
UVB-induced cytokine overexpression, 178

vascular cell adhesion molecule-1, 189
vascular endothelial cells, 94, 97
vascular endothelial growth factor, 10, 186–87

Akt and mTOR phosphorylation, 232
angiogenesis in rheumatoid synoviocytes,

132–33
EF-24 conjugate, 95
endothelial cell proliferation, 237
iNOS, 110
pathological angiogenesis, 161
proangiogenic proteins, 186–89
uPA, 188

VCAM-1. See vascular cell adhesion
molecule-1.

VEC. See vascular endothelial cells.
VEGF secretion by U937 and Raji cells, 187
VEGF. See vascular endothelial growth factor.
vinblastine-resistant subline KB-V0.1, 283–84
vinorelbine, 259
VX-710 (biricodar), 279

water-soluble EF-24 analogues, 91–93
wingless/Wnt signaling pathway, 138
wound-healing, 347–49

xanthine dehydrogenase/xanthine oxidase
(XD/XO) conversion, 369

X-rays, discovery of, 304
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Curcuma zedoaria
(White turmeric, Zedoary root)

Curcuma longa
(Haldi, Turmeric, Ukon, Woolgum,  Kunyit, Oendre,

Rame, Temu kuning, Temu kunyit, Goeratji, Kakoenji,
Koenjet, Kondin, Tius, Kunir, Gianghuang)

Curcuma mangga
(Mango ginger)

Curcuminoids
Sources

Curcuma aromatica
(Wild turmeric, Vanarishta,

Jangali Haldi, Aranyaharidra)

Curcuma xanthorrhiza
(Temu Lawak, Ubat Jamu,
Ubat maaju)

Costus speciosus
(Cane Reed, Crepe ginger,

 Wild ginger, Keokand)

Zingiber cassumunar
(Cassumunar ginger)

Etlingera elatior
(Torch ginger, eka,
opuhi, pua vao)

Curcuma Phaeocaulis
(Ezhu, Zedoary rhizome,

Gajutsu)

0.1 %

3-8 %

1-2 %

3 % 

Plate 1.

Plate 2.

1
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ATPase

ATFase

Desaturase 

DNA pol

FTPase
GST HO

PLD

ODCase
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IRAK
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cPK

ERK

FAK

cAK

CDPK
JAK

JNK

MAPK

PKA

PKB
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