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Abstract. Curcumin (diferuloylmethane) is a polyphenol derived
from the plant Curcuma longa, commonly called turmeric.
Extensive research over the last 50 years has indicated this
polyphenol can both prevent and treat cancer. The anticancer
potential of curcumin stems from its ability to suppress
proliferation of a wide variety of tumor cells, down-regulate
transcription factors NF-KB, AP-1 and Egr-1; down-regulate the
expression of COX2, LOX, NOS, MMP-9, uPA, TNF,
chemokines, cell surface adhesion molecules and cyclin DI;
down-regulate growth factor receptors (such as EGFR and
HER?2); and inhibit the activity of c-Jun N-terminal kinase,
protein tyrosine kinases and protein serine/threonine kinases. In
several systems, curcumin has been described as a potent
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immuno-deficiency virus; 02, singlet oxygen; HVEC, human
vascular endothelial cells; HVSMC, human vascular smooth
muscle cells; PBMC, peripheral blood mononuclear cells; IL,
interleukin; PDGF, platelet-derived growth factor; VSMC,
vascular smooth muscle cells; PHA, phytohemagglutinin;
PARP, polyadenosine ribose polymerase; ICAD, inhibitor of
caspase-activated deoxyribonuclease; AIF, apoptosis-inducing
factor; ROI, reactive oxygen intermediates; GSH, reduced
form of gluthathione; PTK, protein tyrosine kinase; EGF,
epidermal growth factor; EGFR, epidermal growth factor
receptor; FPTase, farnesyl protein transferase; NF-kB, nuclear
factor-kB; TNF, tumor necrosis factor; LT, lymphotoxin;
ICAM-1, intracellular adhesion molecule-1; VCAM-1,
vascular cell adhesion molecule-1; ELAM- 1, endothelial
leukocyte adhesion molecule-1; COX2, cyclooxygenase-2;
MMP, matrix metalloproteinase; UINOS, inducible nitric oxide
oxidase; PMA, phorbol myristate acetate; AP-1, activating
protein-1; IKBa, inhibitory subunit of NF-kB; UV, ultraviolet;
JNK, c-jun N-terminal kinase; MAPK, mitogen-activated
protein kinase; ERK, extracellular receptor kinase; ICsq,
inhibitory concentration (50%); MEKKI, mitogen-activated
protein kinase kinase; TAKI, TGF-beta activated kinase-1;
HPK1, human progenitor kinase 1; MAPKKK, mitogen-
activated protein kinase kinase kinase; PKA, protein kinase A;
PKC, protein kinase C; cPK, protamine kinase; PhK,
phosphorylase kinase; AK, autophosphorylation-activated
protein kinase; Ki, inhibition constant; TPA, tumor promoting
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antioxidant and anti-inflammatory agent. Evidence has also
been presented to suggest that curcumin can suppress tumor
initiation, promotion and metastasis. Pharmacologically,
curcumin has been found to be safe. Human clinical trials
indicated no dose-limiting toxicity when administered at doses
up to 10 gi/day. All of these studies suggest that curcumin has
enormous potential in the prevention and therapy of cancer. The
current review describes in detail the data supporting these
studies.

Curcumin, derived from turmeric (vernacular name: Haldi), is
a rthizome of the plant Curcuma longa. The medicinal use of
this plant has been documented in Ayurveda (the Indian
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vascular endothelial growth factor; FGF, fibroblast growth
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Figure 1. Natural yellow dye, Curcumin (diferuloylmethane; 1, 7-Bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) curcumin I, MW 368;

curcumin II, MW 338; Curcumin I1I, MW 308.

system of medicine) for over 6000 years. It is commonly used
as a spice, flavoring agent, food preservative, coloring agent,
or for decoration. Extensive investigation over the last five
decades has indicated that curcumin reduces blood
cholesterol (1 -7), prevents LDL oxidation (8- 10), inhibits
platelet aggregation (11, 12), suppresses thrombosis (13) and
myocardial infarction (14-17), suppresses symptoms
associated with type II diabetes (18-22), rheumatoid arthritis
(23), multiple sclerosis (24) and Alzheimer (25, 26), inhibits
HIV replication (27-31), enhances wound healing (32-34),
protects from liver injury (35), increases bile secretion (36),
protects from cataract formation (37), and protects from
pulmonary toxicity and fibrosis (38-41), antileishmaniasis (42-
44) and is an anti-atherosclerotic (45, 46). Additionally there
is extensive literature that suggests that curcumin has
potential in the prevention and treatment of cancer. The
current review focuses on the studies that implicate curcumin
in the prevention and therapy of cancer. We present several
in vitro and in vivo preclinical and clinical results that suggest
that curcumin has a great potential in the treatment of cancer.
Certain aspects of curcumin have been reviewed (47-52), but
in spite of numerous recent studies on its biology and
mechanism of action, no comprehensive review has yet
appeared on this subject.
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A. Chemistry of Curcumin

Curcumin (diferuloylmethane; see Figure 1) is a natural
yellow orange dye derived from the rhizome of Curcuma
longa Linn, an East Indian plant. It is insoluble in water and
ether but is soluble in ethanol, dimethylsulfoxide and other
organic solvents. It has a melting point of 183°C and a
molecular weight of 368.37. Commercial curcumin contains
three major components: curcumin (77%), demethoxy-
curcumin  (17%), and bisdemethoxycurcumin (3%),
together referred to as curcuminoids (Figure 1). Spectro-
photometrically, curcumin absorbs maximally at 415-420 nm
in acetone and a 1% solution of pure curcumin has an
optical density of 1650 absorbance units. It has a brilliant
yellow hue at pH 2.5 to 7.0, and takes on a red hue at pH >
7.0. Curcumin fluorescence is a broad band in acetonitrile
(Mmax = 524 nm), ethanol (Amax = 549 nm), or micellar
solution (Amax = 557 nm) (53). Curcumin produces singlet
oxygen (O2) upon irradiation (A > 400 nm) in toluene or
acetonitrile (pHi = 0.11 for 50 uM curcumin); in
acetonitrile curcumin also quenched 10° (kg = 7 x 10
M/S). 102 production was about 10 times lower in alcohols.
Recently, Das and Das have studied the 102 quenching
activity of curcumin in detail (54). Curcumin
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Figure 2. Biochemical pathways of carcinogenesis.

photogenerates superoxide in toluene and ethanol.
In contrast, it quenches superoxide ions in acetonitrile
(59).

Curcumin is also phototoxic to mammalian cells, as
demonstrated in a rat basophilic leukemia cell model, and this
phototoxicity likewise requires the presence of oxygen (56).
The spectral and photochemical properties of curcumin vary
with environment, resulting in the potential for multiple or
alternate pathways for the execution of photodynamic effects.
For example, curcumin photogenerates singlet oxygen and
reduced forms of molecular oxygen under several conditions
relevant to cellular environments.

Tonnesen examined the kinetics of pH-dependent
curcumin degradation in aqueous solution (57). A plot of
the rate constant against pH indicated the pKa values of
the acid protons. The graph also indicated the complexity
of curcumin degradation. The same investigators also
investigated the stability of curcumin when exposed to
UV/visible radiation (58). The main degradation products
were identified. The reaction mechanisms were
investigated and the order of the overall degradation
reactions and the half-lives of curcumin in different
solvents and in the solid state were determined. These
workers also examined the photobiological activity of
curcumin using bacterial indicator systems (59). On
irradiation with visible light, curcumin proved to be
phototoxic for Salmonella typhimurium and Escherichia
coli, even at very low concentrations. The observed
phototoxicity makes curcumin a potential photosensitizing
drug, which might find application in the phototherapy of,

for example, psoriasis, cancer and bacterial and viral
diseases. Recently, the same group (60), complexed
curcumin with cyclodextrin to improve the water solubility
and the hydrolytic and photochemical stability of the
compound. Complex formation resulted in an increase in
water solubility at pH 5 by a factor of at least 10*. The
hydrolytic stability of curcumin under alkaline conditions
was strongly improved by complex formation, while the
photodecomposition rate was increased compared to a
curcumin solution in organic solvents. The cavity size and
the charge and bulkiness of the cyclodextrin side-chains
influenced the stability constant for complexation and the
degradation rate of the curcumin molecule. Wang et al.
examined the degradation kinetics of curcumin under
various pH conditions and the stability of curcumin in
physiological matrices (61). When curcumin was incubated
in 0.1 M phosphate buffer and serum-free medium, pH 7.2,
at 37°C, about 90% decomposed within 30 minutes. A
series of pH conditions ranging from 3 to 10 were tested
and the result showed that decomposition was pH-
dependent and occurred faster at neutral-basic conditions.
It is more stable in cell culture medium containing 10%
fetal calf serum and in human blood; less than 20% of
curcumin decomposed within 1 hour and, after incubation
for 8 hours, about 50% of curcumin still remained. Trans-
6-(4’-hydroxy-3’-methoxyphenyl)2,4-dioxo-5-hexenal ~ was
predicted to be the major degradation product and vanillin,
ferulic acid and feruloyl methane were identified as minor
degradation products. The amount of vanillin increased
with incubation time.
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Table 1. Effects of curcumin on survival and proliferation of different cell types.

Cell type and effect

Mechanism

References

Inhibits proliferation of breast tumor cells

Inhibition of ODC; arrested cells at G2/S

(65, 66, 69, 75)

Induction of apoptosis in H-ras transformed p53-dependent bax induction (86, 91)

MCF10A cells

Induces apoptosis of AK-5 cells Production of ROI (77, 90)
Activation of caspase-3

Inhibits proliferation of colon cancer Accumulation of cells in G2/M-phase (67)

(HT29; HCT-15) cells

Induces apoptosis in colon (LoVo) cancer cells Accumulates in S, G2/M-phase of (76, 89)
cell cycle (83)
Induction of HSP70 and p53 (62, 68)

Transformed cells - 94)

Fibroblast (NIH3T3), Colon cancer (HT29),
Kidney cancer (293), Hepatocellular
carcinoma (HepG2)

Induces cell shrinkage
Chromatin condensation
DNA fragmentation

(63,71, 85, 95)

Induces apoptosis of leukemia cells - (64)
Induces apoptosis of T cell leukemia (Jurkat) Independent of mitochondria and caspases; (72)
modulation by GSH (87)
Induces growth arrest and apoptosis of Down-regulation of egr-1, (74)
B cell lymphoma c-myc, bel-xl, NF-kB and p53
Induces apoptosis in HL-60 cells Increases Sub-G1; activates caspase-3 (79)
Induces apoptosis of myeloid (HL-60) cells Cytochrome C release; (81)
caspase-3 activation; loss of MMTP;
caspase-9 activation
Induces apoptosis of myeloid (HL-60) cells Caspase-8 activation; BID cleavage; (92)
cytochrome C release
Induces apoptosis of basal cell carcinoma cells p53-dependent (70)
Inhibits proliferation of prostate cancer cells Down-regulation of bcl-2 and NF-kB (84)
Induces apoptosis of melanoma cells Fas/FLICE pathway; p53-independent (88)
Inhibits the proliferation of HVEC Accumulation of cells in S-phase (96-98)
Inhibits proliferation of oral epithelial cells - (78, 99)
Induces apoptosis of T lymphocytes Loss of mitochondrial membrane potential, (100-103)
plasma membrane asymmetry & permeability;
GSH-independent
Induces apoptosis of yOT cells Increase in annexin V reactivity; (80)
nuclear expression of active caspase-3;
cleavage of PARP; nuclear disintegration;
translocation of AIF to the nucleus;
large- scale DNA chromatolysis
Induces apoptosis of osteoclasts - (104)
Induces apoptosis in VSMC Reduction in the S-phase; (46)
increase in G0/G1-phase;
increase in TUNNEL- positive cells;
DNA fragmentation;
decrease in mRNA for c-myc and
bel-2 but not p53;
inhibition of PKC and PTK
Inhibits the PDGF-induced proliferation of VSMC - (45)
Inhibits the PHA-induced proliferation of PBMC - (45)
Induces apoptosis in hepatocytes Increase MMTP, loss of MMP, (82, 105)

mitochondrial swelling;
inhibition of ATP synthesis,
oxidation of membrane thiol

ROI, reactive oxygen intermediates; HVEC, human umbilical vein vascular endothelial cells; MMTP, mitochondrial membrane permeability
transition pore; GSH, glutathione; VSMC, vascular smooth muscle cells; PARP, poly(ADP-ribose) polymerase; AIF, apoptosis-inducing factor;
MMP, mitochondrial membrane potential; TUNEL, TdT-mediated dUTP nick end labeling; PKC, protein kinase C; PTK, protein tyrosine kinase;
PBMC, peripheral blood mononuclear cells; PHA, phytohemagglutinin.
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B. Preclinical Studies

Cancer is a hyperproliferative disorder that metastasize into
the vital organs in the body through invasion followed by
angiogenesis and distant metastasis. Within the last 25 years,
much has been learned about the biochemical pathway that
ultimately leads to cancer (Figure 2). During the last decade,
there has been extensive investigation of how curcumin
affects this overall process of tumorigenesis. Below is the
description of the effects of curcumin first in vitro and then in
vivo and its relevance to cancer.

B1. Invitro effects

B1A. Antiproliferative  effects of curcumin: Curcumin
suppresses the proliferation of a wide variety of tumor cells,
including breast carcinoma, colon carcinoma, renal cell
carcinoma, hepatocellular carcinoma, T cell leukemia, B
cell lymphoma, acute myelogenous leukemia, basal cell
carcinoma, melanoma and prostate carcinoma (see Table I)
(62-93). Additionally curcumin suppresses the proliferation
of certain normal cells such as hepatocytes (105), epithelial
cells (99), human vascular endothelial cells (HVEC) (96,
97), human vascular smooth muscle cells (HVSMC) (45,
46), osteoclasts (104), peripheral bood mononuclear cells
(PBMC) (45), and T lymphocytes (45, 46, 80, 94, 96, 97, 99-
105). Curcumin also inhibits the cell proliferation induced
by growth factors. For instance IL-2-induced proliferation
of PBMC, PDGF-induced proliferation of VSMC and
PHA-induced proliferation of PBMC were inhibited by
treatment with curcumin (45). The suppression of cell
proliferation by curcumin usually occurs through its effects
on the cell cycle. Depending on the cell type, the inhibition
of cell proliferation at different phases of the cell cycle has
been reported (46, 76, 83, 96, 99). Inhibition of cell
proliferation could also be mediated through suppression of
ornithine decarboxylase (ODC)(65).

Besides suppression of proliferation, curcumin also induces
apoptosis in a wide variety of cells. The mechanism of
apoptosis could be either mitochondria-dependent or
mitochondria-independent (Figure 3). Normally, cytokines
that mediate their signaling through the death receptors
induce apoptosis via mitochondria-independent mechanism.
Depending on the cell type, curcumin induces apoptosis
through both mitochondria-dependent (77, 81-84, 92, 102,
105) as well as mitochondria-independent mechanisms (65,
70, 72). In most cells curcumin sequentially induces activation
of caspase-8, cleavage of BID, loss of mitochondrial
membrane potential, opening of transition pores, release of
cytochrome C, caspase-9 activation, caspase-3 activation and
cleavage of PARP and inhibitor of caspase-activated deoxy-
ribonuclease (ICAD), thus leading to DNA fragmentation
and apoptosis (73, 81, 83, 86, 88, 92, 102). On treatment of
cells with curcumin, cell shrinkage, chromatin condensation,
translocation of the AIF to the nucleus, nuclear disintegration
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Figure 3. Mechanisms of apoptosis.

and large- scale DNA chromatolysis has also been reported
(63, 79, 80). Down-regulation of antiapoptotic protein (bcl-2
and bcl-xl) is another potential mechanism by which curcumin
could induce apoptosis in cells (46, 64, 74, 83, 84, 86, 88, 92).
In breast cancer cells curcumin has been shown to induce bax
through p53 which acts on mitochondria, thus leading to
apoptosis (91). Curcumin has been shown to induce p53 in
colon cancer cells, which could also mediate apoptosis (62).
Another potential mechanism through which curcumin could
induce apoptosis is through the alteration of the redox status
of the cells. Curcumin has been shown to induce ROI and
alter cellular GSH levels (64, 77, 86, 87). In contrast to all
these studies, there is a recent report that indicates that
curcumin could be inhibitory to chemotherapy -induced
apoptosis  mediated  through the suppression of
chemotherapy-induced free radical production (93). Inhi-
bition of PTK and PKC could also contribute to the ability of
curcumin to induce apoptosis. From these studies it is clear
that curcumin inhibits cell growth and induces apoptosis of
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Table IL. Effect of curcumin on different cell signaling pathways.

Inhibition of NF-KB signaling pathway:

Suppresses the activation of transcription factor NF-kB (106)
Inhibits IL-1a and TNF-induced NF-kB (107)
Inhibits TPA-induced activation of NF-KB (108, 109)
Inhibits anticancer drug-induced activation of NF-kB (110)
Inhibits TNF production and release (111, 112)
Inhibits inflammatory cytokine production by peripheral blood monocytes and alveolar macrophages (113)
Regulation of pro-inflammatory cytokine expression (114)
Blocks NF-KB activation and proinflammatory gene expression by inhibiting IkB kinase activity (115)
Down-regulates chemokine expression and release (80, 107, 116)
Inhibits the angiogenic response stimulated by FGF-2, including expression of MMP-9 (117, 118)
Inhibits IL-1-stimulated NF-kB and down-regulates MMP gene expression (119, 120)
Inhibits TNF-mediated cell surface expression of adhesion molecules and of NF-KB activation (121, 122)
Reduces endothelial tissue factor gene expression (123)
Inhibits COX2 transcription and expression (124-127)
Inhibits iNOS expression and nitrite production (127-132)
Induces p21 (WAF1/CIP1) and C/EBPS expression (133)
Inhibition of AP-1 signaling pathway
Suppresses PMA-induced c-Jun/AP-1 activation (109, 134)
Inhibits TNF-induced expression of monocyte chemoattractant JE via fos and jun genes (135)
Inhibits TPA induced expression of c-fos, c-jun and c-myc proto-oncogenes mRNAs (136)
Inhibits TPA- and UV-B light-induced expression of c-Jun and c-Fos (137)
Reduces endothelial tissue factor gene expression (123)
Inhibits IL1 a and TNF- induced AP-1 (138)
Inhibits TPA-induced activation of AP-1 (108)
Inhibits thrombin-induced, AP-1-mediated, plasminogen activator inhibitor 1 expression (139)
Inhibits release of MIP-1a, MIP-16 and RANTES, and AP-1 (80)
Inhibits IL-1-stimulated AP-1 and down-regulates MMP gene expression (119)
Suppresses transcription factor Egr-1 (140)
Down-regulates transactivation and gene expression of androgen receptors (141)
Inhibition of MAPK pathway:
Inhibits JNK signaling pathway (46)
Inhibits IL-1-stimulated MAP kinases and down-regulates MMP gene expression (119)
Inhibition of growth factor pathway:
Inhibits EGF receptor kinase activity (142)
Inhibits ligand-induced activation of EGF receptor tyrosine phosphorylation (143)
Inhibits PTK activity of p185neu and also depletes p185neu (144)
Inhibits PTK activity of EGF receptor and depletes the protein (145)
Inhibition of serine protein kinase pathway:
Inhibits protein kinase C activity induced by PMA (146)
Inhibits phosphorylase kinase (147)
Inhibits cyclic AMP-dependent protein kinase (148)
Others
Inhibits LOX and COX activities (95, 149, 150)
Induces GST activity (151-153)
Inhibits HIV-1 and HIV-2 proteases (27)
Inhibits PMA-induced xanthine dehydrogenase/oxidase (154)
Modulates brain Na*/K* ATPase activity (155)
Modulates cytochrome P450 activity (152, 156, 157)
Inhibits the Ca>*-ATPase of sarcoplasmic reticulum (158, 159)
Increases the rate of accumulation of Ca** (158)
Inhibits SERCA Ca”* + pumps (160, 161)
Inhibits mammalian phospholipase D activity (162)
Inhibits of IL-12 production in LPS-activated macrophages (163, 164)
Blocks TGF-1-induced uPA expression (165)
Induces cell migration in non-tumorigenic murine colon epithelial cells through MT-MMP expression (166)
Inhibits heme oxygenase-1 (167, 168)
Modulates aryl hydrocarbon receptor (157)
Modulates P-glycoprotein in primary cultures of rat hepatocytes (169)
Intercalates in DNA and poison Topo II isomerase (170)
Stimulates the stress-induced expression of stress proteins (171)

AP-1, activating protein-1; NF-KB, nuclear factor kappa B; LPS, lipopolysaccharide; IL, interleukin; MMP-matrix metalloprotease; EGF, epidermal
growth factor; PTK, protein tyrosine kinase; COX, cyclooxygenase; LOX, lipoxygenase; GST, glutathione S-transferase; NOS, nitric oxide synthase;
TNF, tumor necrosis factor; ATPase, adenosine triphosphatase; FGF, fibroblast growth factor; JNK, c-Jun N-terminal kinase.
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various tumor cells through a mechanism similar to that of
most chemotherapeutic agents.

In addition curcumin could affect cellular proliferation
through modulation of various cell-signaling pathways (see
Table II). These may include transcription factors (e.g, NF-xB
and AP-1), mitogen-activated protein kinases, growth factor
receptor kinases and cyclooxygenases. The mechanism by
which curcumin inhibits these pathways is further discussed
below.

BIB. Curcumin inhibits farnesyl protein transferase (FPTase):
Ras proteins must be isoprenylated at a conserved cysteine
residue near the carboxyl terminus (Cys- 186 in mammalian
Ras p21 proteins) in order to extend their biological activity.
Previous studies indicate an intermediate in the mevalonate
pathway, most likely farnesyl pyrophosphate, is the donor of
this isoprenyl group, and that using inhibitors of the
mevalonate pathway could block the transforming properties
of ras oncogene. Chen et al. examined the effects of curcumin
on farnesyl protein transferase (FTPase) (172). They found
that partially purified farnesyl protein transferase (FPTase)
capable of catalyzing the farnesylation of unprocessed Ras
p21 proteins in vitro was inhibited by curcumin and its
derivatives. This is another potential mechanism by which
curcumin could suppress cellular growth.

BIC. Suppression of NF-kB activation by curcumin: Members
of the NF-KB transcription factor family play a central role in
various responses leading to host defense, activating a rapid
progression of gene expression. These transcription factors
are dimeric complexes composed of different members of
the Rel/NF-kB family of polypeptides. This family is
distinguished by the presence of a Rel homology domain of
about 300 amino acids that displays a 35% to 61 % identity
between various family members (173). Although NF-kB is a
ubiquitous transcription factor, it plays its critical role in the
cells of the immune system, where it controls the expression
of various cytokines and the major histocompatibility complex
genes. The inappropriate regulation of NF-kB and its
dependent genes have been associated with various
pathological conditions including toxic/septic shock, graft vs
host reaction, acute inflammatory conditions, acute phase
response, viral replication, radiation damage, atherosclerosis,
and cancer (173, 174).

Unlike other transcription factors, the NF-kB proteins and
other members of the Rel family reside in the cytoplasm in an
inactive state; upon activation, they are translocated to the
nucleus. The nuclear translocation of Rel proteins is induced
by many agents, including inflammatory cytokines (e.g., tumor
necrosis factor (TNF), lymphotoxin (LT), and interleukin
(IL)-1), mitogens, bacterial products, protein synthesis
inhibitors, oxidative stress (HO;), ultraviolet light and
phorbol esters (175, 176). Upon activation of NF-»B, a large
number of genes are induced, including various inflammatory
cytokines (e.g. TNF, IL-1, chemokines), adhesion molecules

(e.g. ICAM-1, VCAM I, ELAM-1), COX2, MMP-9 and NOS
(175, 176).

Because of its intimate involvement in host defense against
disease, this transcription factor is an important target for
therapeutic intervention. Our laboratory reported that
curcumin is a potent inhibitor of NF-KB activated in response
to TNF, PMA and H;0; (106). The suppression of NF-kB
activation by curcumin was found to be due to the inhibition
of IKBa degradation, thus abrogating nuclear translocation of
p65. These results indicated that curcumin inhibits the NF-kB
activation pathway at a step before IxBa phosphorylation but
after the convergence of various stimuli. Other laboratories
have reported that curcumin also suppresses the NF-kB
activated by agents such as IL-1, LPS and chemotherapeutic
drugs (108, 110, 115, 122-127, 131, 133, 138, 163, 164, 177-
179). More recently, it was demonstrated that curcumin
inhibits NF-KB by inhibiting the kinase that induces the
phosphorylation of IkBa (IKBa kinase; (115, 125, 131,180).
The expression of several genes that are regulated by NF-kB
has also been shown to be suppressed by curcumin (80, 107,
111, 112, 119, 121-124, 126, 129, 130, 132, 163-165). These
include cell surface adhesion molecules, chemokines, TNF,
MMPY, COX2 and NOS. Since these genes are critical
regulators of inflammation, the suppression of expression of
these genes may explain the anti-inflammatory effects of
curcumin. NF-KB has recently been implicated in the cell
survival and proliferation pathways (181, 182), thus the
suppression of NF-xB may explain the antiproliferative and
apoptosis-inducing effects of curcumin.

BID. Suppression of AP-1 by curcumin: The role of various
transcription factors in tumorigenesis (tumor initiation, tumor
induction and tumor promotion) have been described (183).
Activating protein-1 (AP-1) is one such transcription factor
transactivated by various tumor-promoting agents, such as
phorbol ester, UV radiation, asbestos and crystalline silica
(for references see (184, 185)). AP-1 complexes are formed by
dimers of Jun proto-oncogene family members (c-Jun, JunB,
and JunD) or heterodimers of the Jun family members with
the Fos proto-oncogene family members (c-Fos, FosB, Fra-1,
and Fra-2). AP-1 binds to a specific target DNA site (also
known as the TRE) in the promoters of several cellular genes
and mediates immediate early gene expression involved in a
diverse set of transcriptional regulation processes (184, 186).
Agents that activate NF-KB also activate the transcription
factor AP-1. Both of these factors are regulated by the redox
status of the cell. AP-1 activation has been implicated in cell
proliferation and in chemical carcinogenesis. Studies in ex
vivo and in vivo models showed that the expression of various
genes regulated by AP-1 play important roles in the
transformation from preneoplastic to neoplastic state (187).
AP-1 is also known to be involved in tumor progression and
metastasis.

Curcumin has been shown to suppress the activation of AP-
1 induced by tumor promoters (108, 119, 123, 134, 138, 178).
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In vitro experiments indicate that inhibition of c-Jun/AP-1
binding to its cognate motif by curcumin may be responsible
for the inhibition of c-Jun/AP-1-mediated gene expression.
The expression of several AP-1-regulated genes has been
shown to be regulated by curcumin. These include c-fos, c-
jun, c-myc, endothelial tissue factor, chemokines and MMP
(107, 119, 123, 135-137). The mechanism by which curcumin
inhibits AP-1 is not fully understood, but there are three
potential mechanisms: first through alteration of the redox
status of the cells; second, through inhibition of JNK (188), a
kinase needed for AP-1 activation; and third, through
inhibition of the fos-jun-DNA complex (189). Thus down-
regulation of AP-1 by curcumin may explain its ability to
suppress chemical carcinogenesis.

BIE. Suppression of Egr-1 by curcumin: The transcription
factor early growth response-1 gene product (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 ef al. investigated the effect of curcumin on Egr-1
expression in endothelial cells and fibroblasts (140). Gel
mobility shift assays showed that pretreatment 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. Western blot analysis revealed that
curcumin inhibited TPA-induced de novo synthesis of Egr-1
protein in endothelial cells. Suppression of Egr-1 protein
expression in curcumin-treated cells stemmed from the
suppression of Egr-1 mRNA. Northern blot analysis showed
that curcumin inhibited serum and TPA-induced expression
of tissue factor and urokinase-type plasminogen activator
receptor mRNA in fibroblasts. These results showed that
curcumin suppresses the induction of Egr-1 and thereby
modulates the expression of Egr-1-regulated genes in
endothelial cells and fibroblasts. The down-regulation of
tissue factor by curcumin has also been demonstrated by
another group (123).

BIF. Suppression of mitogen-activated protein kinases by
curcumin: Most inflammatory stimuli are known to activate
three independent mitogen-activated protein kinase
(MAPK) pathways, leading to activation of p44/42 MAPK
(also called ERK1/ERK?2), JNK and p38 MAPK pathway.
Chen et al. found that curcumin inhibits JNK activation
induced by various agonists including PMA plus ionomycin,
anisomycin, UV-C, gamma radiation, TNF and sodium
orthovanadate (188). Although both JNK and ERK
activation by PMA plus ionomycin were suppressed by
curcumin, the JNK pathway was more sensitive. The ICs
(50% inhibition concentration) of curcumin was between 5-
10 uM for JNK activation and was 20 uM for ERK
activation. In transfection assays, curcumin moderately
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suppressed MEKKI-induced JNK activation; however, it
effectively blocked JNK activation caused by co-
transfection of TAK1, GCK, or HPK1. Curcumin did not
directly inhibit JNK, SEK1, MEKK1 or HPKI activity.
Although curcumin suppressed TAK1 and GCK activities at
high concentrations, this inhibition cannot fully account for
the JNK inhibition by curcumin in vivo. Thus these results
suggested that curcumin affected the JNK pathway by
interfering with the signaling molecule(s) at the same level
or proximally upstream of the MAPKKK level. The
inhibition of the MEKKI1-JNK pathway reveals a possible
mechanism of suppression of AP-1 and NF-KB signaling by
curcumin and may explain the potent anti-inflammatory
and anti-carcinogenic effects of this chemical.

BIG. Suppression protein kinases by curcumin: Curcumin
could also mediate its effects through inhibition of various
other serine/threonine protein kinases. Our group showed
that treatment of highly purified protein kinase A (PKA),
protein kinase C (PKC), protamine kinase (cPK), phospho-
rylase kinase (PhK), autophosphorylation- activated protein
kinase (AK), and pp60c-src tyrosine kinase with curcumin
inhibited all kinases. PhK was completely inhibited at low
concentration of curcumin (147). At around 0.1 mM
curcumin, PhK, pp60c-src, PKC, PKA, AK and cPK were
inhibited by 98%, 40%,15%, 10%, 1% and 0.5%, respectively.
Lineweaver-Burk plot analysis indicated that curcumin is a
noncompetitive inhibitor of PhK with a Ki of 0.075 mM.

Other investigators have shown suppression of PMA-
induced activation of cellular PKC by curcumin (146).
Treatment of cells with 15 or 20 uM curcumin inhibited TPA-
induced PKC activity in the particulate fraction by 26% or
60%, respectively, and did not affect the level of PKC.
Curcumin also inhibited PKC activity in both cytosolic and
particulate fractions in vitro by competing with phospha-
tidylserine. However, the inhibitory effect of curcumin was
reduced after preincubation with the thiol compounds. These
findings suggested that the suppression of PKC activity may
contribute to the molecular mechanism of inhibition of TPA-
induced tumor promotion by curcumin.

Besides in vitro suppression, curcumin could also inhibit
PKC in the cells (148). Hasmeda ef al. showed that curcumin
inhibits Ca”*-and phospholipid-dependent PKC and of the
catalytic subunit of cyclic AMP-dependent protein kinase
(cAK; ICsy values 15 and 4.8 uM, respectively) (148).
Curcumin inhibits plant Caz+-dependent protein kinase
(CDPK) (ICs0 41 uM), but does not inhibit myosin light chain
kinase or a high-affinity 3’,5’-cyclic = AMP-binding
phosphatase. Curcumin inhibits cAK, PKC and CDPK in a
fashion that is competitive with respect to both ATP and the
synthetic peptide substrate employed. The ICs, values for
inhibition of cAK by curcumin are very similar when
measured with kemptide (LRRASLG) (in the presence or
absence of ovalbumin) or with casein or histone III-S as
substrates. However, the presence of bovine serum albumin



Aggarwal et al: Anticancer Potential of Curcumin (Review)

(0.8 mg ml-1) largely overcomes inhibition of cAK by
curcumin.

BIH Curcumin inhibits growth factor receptor protein tyrosine
kinases: Besides serine protein kinases, curcumin has also
been shown to inhibit protein tyrosine kinase activity (PTK)
of the EGF receptor (142, 143, 145). Korutla et al. showed
that the short term treatment of cells with curcumin inhibited
EGF receptor intrinsic kinase activity by up to 90%, and also
inhibited EGF-induced tyrosine phosphorylation of EGF
receptors (142). Another study found that the treatment of
cells with a saturating concentration of EGF for 5-15 minutes
induced increased EGF-R tyrosine phosphorylation, and this
induction was inhibited by up to 90% by curcumin, which also
inhibited the growth of EGF-stimulated cells (143). Curcumin
treatment had no effect on the amount of surface expression
of labeled EGF-R, and inhibition of EGF-mediated tyrosine
phosphorylation of EGF-R by curcumin was mediated by a
reversible mechanism. In addition, curcumin also inhibited
EGF-induced, but not bradykinin-induced, calcium release.
These findings demonstrate that curcumin is a potent
inhibitor of a growth stimulatory pathway, the ligand-induced
activation of EGF-R, and may be useful in developing anti-
proliferative strategies to control tumor cell growth.

The erbB2/neu gene-encoded p185neu tyrosine kinase is a
potent oncoprotein. Overexpression of pl85neu in breast
cancer is known as a prognostic factor. Hong et al
investigated the effect of curcumin on pl85neu tyrosine
kinase and on the growth of breast cancer cell lines (144).
Curcumin inhibited pl85neu autophosphorylation and
transphosphorylation in vitro and depleted p185neu protein in
vivo. It dissociated the binding of p185neu with GRP9Y%4
(glucose-regulated protein), a molecular chaperone, and
enhanced the depletion of p185neu. The amount of p185neu
protein on the cell membrane was drastically decreased after
curcumin treatment. These data demonstrated a new
mechanism of the anti-tyrosine kinase activity of curcumin.
The growth of several breast cancer cell lines was inhibited,;
the 1Csg ranged from 7 to 18 uM, which, however, did not
correlate with the expression level of pl85neu. Colony
formation in the soft agar assay, a hallmark of the
transformation phenotype, was preferentially suppressed in
pl85neu-overexpressing cell lines by 5 uM curcumin. Because
curcumin effectively inhibited p185neu tyrosine kinase activity
by depleting p185neu and potently suppressed the growth of
multiple breast cancer cell lines, its therapeutic potential in
advanced breast cancer is worthy of further investigation.

Dorai and coworkers examined the effect of curcumin on
EGF receptor signaling in the androgen- sensitive LNCaP
and androgen-insensitive PC-3 cell lines (145). They found
that curcumin was a potent inhibitor of EGF-R signaling, and
it accomplished this effect by three different means: (1)
down-regulating the EGF-R protein; (2) inhibiting the
intrinsic EGF-R tyrosine kinase activity; and (3) inhibiting the
ligand-induced activation of the EGF-R. They concluded that

curcumin can induce apoptosis by interfering with the signal
transduction pathways of the prostate cancer cell.

B1 I. Suppression of COX2 and lipoxygenase (LOX) expression
by curcumin: COX2 and LOX are important enzymes that
mediate inflammation through production of prostaglandins
and leukotrienes, respectively. Curcumin has been shown to
suppress the expression of both COX2 and LOX protein as
well as their enzymatic activities. Huang et al, (134,149)
showed that topical application of curcumin markedly
inhibited TPA- and arachidonic acid-induced epidermal
inflammation (ear edema) in mice. The in vitro addition of
curcumin to cytosol from homogenates of mouse epidermis
inhibited the metabolic conversion of arachidonic acid to 5-
hydroxyeicosatetraenoic acid (5-HETE), of arachidonic acid
to 8-HETE, and of arachidonic acid to prostaglandin (PG)
E2, PGF2a, and PGD?2. The inhibitory effects of curcumin on
TPA-induced tumor promotion in mouse epidermis
paralleled their inhibitory effects on TPA-induced epidermal
inflammation and epidermal LOX and COX activities.

Ammon et al. showed that curcumin acts as an anti-
inflammatory in in vivo animal models through inhibition of
5-LOX and 12-LOX activity in rat peritoneal neutrophils and
COX activity in human platelets (190). Zhang et al
investigated whether curcumin inhibits chenodeoxycholate -
or PMA-mediated induction of COX-2 in several
gastrointestinal cell lines (124). Treatment with curcumin
suppressed chenodeoxycholate - and PMA-mediated indu-
ction of COX2 protein and synthesis of PGE2. It also
suppressed the induction of COX-2 mRNA by cheno-
deoxycholate and PMA. Nuclear run-offs revealed increased
rates of COX2 transcription after treatment with cheno-
deoxycholate or PMA, and these effects were inhibited by
curcumin. Treatment with chenodeoxycholate or PMA
increased binding of AP-1 to DNA. This effect was also
blocked by curcumin. In addition to the above effects on gene
expression, Zhang et al. found that curcumin directly
inhibited the expression of COX2 (124).

Ramsewak and his group examined curcumin I, curcumin
II (demethoxycurcumin) and curcumin III (bisdemetho-
xycurcumin) for their cytotoxicity and antioxidant and anti-
inflammatory activities (95). These compounds were active
against leukemia, colon, CNS, melanoma, renal and breast
cancer cell lines. Curcumins I, II and III at 100 pg/ml
inhibited liposome peroxidation by 58%, 40% and 22%,
respectively. Curcumins I, II and III were active against
COX1 enzyme at 125 ug/ml and showed 32%, 38% and 39%
inhibition of the enzyme, respectively. Curcumins I, II, and III
at 125 pg/ml inhibited the COX-II enzyme by 90%, 82% and
59% inhibition of the enzyme, respectively.

Plummer et al. also examined the effect of curcumin on
COX2 levels in colorectal cancer (125). They found that
curcumin inhibited COX2 induction by the colon tumor
promoters TNF or fecapentaene-12 through inhibition of NF-
»B. Similar results were reported by Goel et al. in colon
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cancer cells (126). Surh et al. found that NF-kB is involved in
the regulation of COX2 expression by curcumin (127).

Skrzypczak-Jankun et al. discovered a novel mechanism for
inhibition of LOX by curcumin (150). They investigated the
fate of curcumin when used as a soybean lipoxygenase L3
substrate. By use of X-ray diffraction and mass spectrometry,
they found that curcumin can act as a LOX substrate:
specifically, an unoccupied electron mass that appeared to be
an unusual degradation product of curcumin (4-hydro-
xyperoxy-2-methoxyphenol) was located near the soybean L3
catalytic site. Understanding how curcumininhibits LOX may
help in the development of novel anti-cancer drugs.

B1J. Suppression of cyclin D1 by curcumin: Cyclins are
essential for cell division, activating their partners, the cyclin-
dependent kinases, and directing them to specific substrates.
One of the subgroup of cyclins, called cyclin D, consists of
three known subtypes, D1, D2 and D3, all of which
collectively control cell cycle progression by activating their
cyclin-dependent kinase partners, CDK4 and CDK6. These
kinases then phosphorylate the retinoblastoma protein and
thus advance the cell through the G1-phase of the cell cycle
(191, 192), leading to stimulation of DNA synthesis. (192)

Cyclin D1 is a proto-oncogene that is overexpressed as a
result of gene amplification or translocation in many cancers,
including breast, esophagus, lung, liver, head and neck, colon
and prostate (193-203). For instance, the cyclinDI gene is
amplified in 20-50% of squamous cell carcinoma (SCC), and
its protein is overexpressed in up to 80% of SCCs (198).
Overexpression of cyclin D1 is also associated with metastatic
prostate cancer to bone (202, 203). The cyclin D1 gene is also
amplified in up to 20% of human breast cancers (197), while
cyclin D1 protein is overexpressed in some 50% of human
breast cancers (194, 195) and is required for the proliferation
of breast cancer cells in culture (204, 205). Transgenic mice
engineered to overexpress cyclin D1 in mammary glands
develop breast cancer, thus suggesting a causative role for this
protein (205). Cyclin D1 also has been associated with
aggressive forms of hepatocellular carcinoma (196, 206).

The genetic deletion of cyclin D1 in mice impaired breast
development during pregnancy (207-210), and these mice
were found to be resistant to breast cancers induced by Ras,
rac and neu oncogenes (211-213). In comparison, genetic
deletion of cyclin D2 and D3 had no effect. Thus tumor cell
proliferation by Ras and Neu in breast cancer cells is
mediated through cyclin D1 only. Furthermore, Ras and Neu
have been shown to regulate the promoter region of the cyclin
D1 gene (211, 213). Thus drugs that can down-regulate cyclin
D1 have potential as treatments for breast cancer and other
tumors. Antisense to cyclin D1 has been used to down-
regulate cyclin D1 and shown to induce apoptosis and tumor
shrinkage in SCC (214).

Our laboratory found that inhibition of the proliferation of
prostate cancer, breast cancer and multiple myeloma cell lines
by curcumin correlated with the down-regulation of the
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expression of cyclin D1 protein (180, 215). The suppression of
cyclin D1 by curcumin led to inhibition of CDK4-mediated
phosphorylation of retinoblastoma protein. Curcumin-inducd
down-regulation of cyclin D1 was inhibited by lactacystin, an
inhibitor of 26S proteosome, suggesting that curcumin
represses cyclin D1 expresion by promoting proteolysis.
Curcumin also down-regulated mRNA expression and
inhibited the activity of cyclin D1 promoter-dependent
reporter gene expression. Thus curcumin down-regulates
cyclin D1 expression through activation of both transcri-
ptional and post-transcriptional mechanisms, and this may
contribute to the antiproliferative effects of curcumin.

BIK.  Suppression of adhesion molecules by curcumin:
Recruitment of leukocytes by endothelial cells (EC) and their
subsequent migration is known to play a critical role in
inflammation. TNF is a multifunctional cytokine shown to be
involved in inflammation through the expression of various
inflammatory molecules (216). It induces the expression of
adhesion molecules on EC involved in transendothelial cell
migration of leukocytes (217-219). In particular TNF has
been shown to induce de novo synthesis of intracellular
adhesion 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). ICAM-1 and VCAM-1 are 95-kDa and 110-kDa
proteins, respectively, and both belong to the immunoglobulin
superfamily. Besides EC, ICAM-1 is also expressed by
monocytes, B and T cells, keratinocytes, chondrocytes and
epithelial cells. In addition to EC, monocytes, and dendritic
cells, VCAM-1 is also expressed in myoblast and bone
marrow fibroblasts. The 115-kDa protein ELAM-1, which
belongs to the selectin family, is expressed exclusively on EC.
We investigated the effect of curcumin on adhesion of
monocytes to human umbilical vein endothelial cells (EC)
(121). Treatment of endothelial cells with tumor necrosis
factor (TNF) augmented the adhesion of monocytes to
endothelial cells, and this adhesion was due to increased
expression of ICAM-1, VCAM-1 and ELAM-1. Curcumin
completely blocked the adhesion of monocytes with
endothelial cells as well as the cell surface expression of
ICAM-1, VCAM-1 and ELAM-1 in EC. That curcumin
inhibits TNF-induced expression of adhesion molecules on
human umbilical vein endothelial cells has also been reported
by others (122). Although curcumin inhibited adhesion even
when administered 1 hour after TNF treatment, maximum
inhibition occurred when added either 1 hour before or at the
same time as TNF. The inhibition of TNF-induced adhesion
molecules was found to be due to abrogation of NF-kB,
activation. Our results demonstrated that curcumin’s anti-
inflammatory properties may be attributable in part to
inhibition of leukocyte recruitment. Since cell adhesion
molecules play a determining role in the tumor metastasis,
their down-regulation by curcumin may contribute to its anti-
cancer properties.
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BIL. Suppression of Ca’* ATPase by curcumin: Logan-Smith
et al. found that curcumin is a potent inhibitor of the Ca’*-
ATPase of sarcoplasmic reticulum (SR) but increases the rate
of accumulation of Ca>* (158). Curcumin is an inhibitor of
the ATPase activity of the Ca *_ATPase of skeletal muscle
SR. Inhibition by curcumin is structurally specific, requiring
the presence of a pair of -OH groups at the 4-position of the
rings. Inhibition is not competitive with ATP. Unexpectedly,
addition of curcumin to SR vesicles leads to an increase in
the rate of accumulation of Ca2+, unlike other
inhibitors of Ca **-ATPase which reduce the rate of
accumulation. An increase in the rate of accumulation of
Ca’* is seen in the presence of phosphate ion, which lowers
the concentration of free Ca>" within the lumen of the SR,
showing that the effect is not a passive leak across the SR
membrane. The effect is to reduce the rate of slippage on
the ATPase, a process in which a Ca2+-bound,
phosphorylated intermediate releases its bound Ca’t on
the cytoplasmic rather than on the lumenal side of the
membrane. The structural specificity of the effects of
curcumin on ATPase activity and on Ca’t accumulation is
the same, and the apparent dissociation constants for the
two effects are similar, suggesting that the two effects of
curcumin could follow from binding to a single site on the
ATPase.

BIM. Suppression of production of inflammatory cytokine by
curcumin: Curcumin has been found to suppress the
expression of several inflammatory cytokines including TNF,
IL-1, IL-12 and chemokines (107, 111-113, 163). Chen et al.
showed that curcumin, at 5 uM, inhibited lipopolysaccharide
(LPS)-induced production of TNF and IL-1 by a human
monocytic macrophage cell line, Mono Mac 6 (111). In
addition, curcumin inhibited LPS-induced activation of NF-
KB and reduced the biological activity of TNF in L1929
fibroblast lytic assay. Hanazawa et al. showed that TNF
stimulates the expression of the monocyte chemoattractant
JE (MCP-1 /JE) gene in osteoblastic MC3T3-E1 cells (135).
TNF stimulated this MCP-1/JE gene expression trans-
criptionally through expression of the early protooncogenes c-
fos and c-jun. Curcumin, markedly inhibited JE gene
expression and monocyte chemotactic activity induced by the
cytokine. Xu et al. investigated the effect of curcumin on the
expression of MCP-1/JE and interferon inducible protein-
10kDA (IP-10) in mouse bone marrow stromal cell line
+/+-1.LDA11 (107). Both chemokines were readily
expressed in stromal cells after stimulation IL-la, IFN-y,
TNF-a and LPS. Curcumin attenuated the levels of MCP-
1/JE and IP-10 mRNA expression by all of these stimulatory
agents. Curcumin inhibited both chemokine mRNAs in a
dose- and time-dependent manner. The suppressive effect of
curcumin on both mRNAs was reversible with complete
recovery from suppression within 24 hours after removal of
curcumin. The suppression of mRNA by curcumin was
dependent on de novo synthesis of an intermediary protein(s),

since suppression was abrogated by concomitant treatment
with cycloheximide (CHX). Destabilization of mRNA
transcripts was not the mechanism by which curcumin
lowered the levels of mRNA; however, transcripts formed in
the presence of curcumin were more stable, as indicated by
their slower degradation kinetics. Run-on transcriptional
assays demonstrated that curcumin inhibits the transcriptional
activity of both genes. The attenuation of chemokine gene
expression was associated with decreased production of
chemotactic activity. These findings indicate that while
curcumin may post-transcriptionally stabilize mRNA
transcripts formed in its presence, the overall reduction in
mRNA levels by curcumin is mediated by inhibition of the
transcription of chemokine genes (135).

Abe et al investigated the effect of curcumin on
inflammatory cytokine production by PBMC and alveolar
macrophages (113). They examined the levels of IL-8,
monocyte inflammatory protein-1 (MIP-1a), MCP-1, IL-10
and TNF in the culture supernatants from PMA- or LPS-
stimulated monocytes and alveolar macrophages in the
presence or absence of curcumin. Curcumin inhibited the
production of IL-8, MIP-1 MCP-1, IL-10 and TNF by PMA-
or LPS-stimulated monocytes and alveolar macrophages.

Literat et al also examined the regulation of pro-
inflammatory cytokine expression by curcumin in hyaline
membrane disease (HMD) (114). Persistent expression of
pro-inflammatory cytokines is believed to play a major role in
the pathogenesis of chronic lung disease (CLD) in premature
infants. Inhibition of pro-inflammatory cytokine production
in the lungs of preterm newborns may result in the
attenuation of CLD. Literat’s group derived lung inflamma-
tory cells from preterm newborns at risk for the development
of CLD via modified broncho-alveolar lavage and stimulated
them ex vivo with LPS (10 ng/ml). Curcumin was added to
these cultures at 0, 0.5 and 20 uM concentrations. Pro-
inflammatory cytokine, TNF, IL-10 and IL-8 protein from the
culture supernatants were measured 12 hours after culture.
For control, PBMC were cultured under the same conditions.
Both neonatal lung inflammatory cells and adult PBMC
produced high levels of pro-inflammatory cytokines in
response to LPS. Curcumin significantly inhibited IL-10 and
IL-8 but minimally inhibited TNF expression by preterm lung
inflammatory cells at 20 uM concentration. Adult PBMC
expression of IL-8 was significantly inhibited by curcumin at a
20 uM concentration. Therefore, curcumin inhibits pro-
inflammatory cytokine production (TNF, IL-18 and IL-8) by
lung inflammatory cells ex vivo. Kang et al. examined the
effect of curcumin on IL-12 production from mouse
macrophages stimulated with LPS (164). Curcumin potently
inhibited the production of IL-12, The effect of curcumin on
IL-12 p40 promoter activation was analyzed by transfecting
RAW264.7 monocytic cells with p40 promoter/reporter
constructs. The repressive effect mapped to a region in the
p40 promoter containing a binding site for NF-KB (p40-kB).
Furthermore, activation of macrophages by LPS resulted in
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markedly enhanced binding activity to the KB site, which
significantly decreased upon addition of curcumin. The same
group (163) also examined the effect of curcumin on IL-12
production by mouse splenic macrophages and the
subsequent ability of these cells to regulate cytokine
production by CD4" T cells. Pretreatment with curcumin
significantly inhibited IL-12 production by macrophages
stimulated with either LPS or heat-killed Listeria
monocytogenes (HKL). Curcumin pretreated macrophages
reduced their ability to induce IFN-y and increased the ability
to induce IL-4 in Ag-primed CD4" T cells. Addition of
recombinant IL-12 to cultures of curcumin-pretreated
macrophages and CD4™ T cells restored IFN-y production in
CD4™ T cells. The in vivo administration of curcumin resulted
in the inhibition of IL-12 production by macrophages
stimulated in vitro with either LPS or HKL, leading to the
inhibition of Thl cytokine profile (decreased IFN-y and
increased IL-4 production) in CD4" T cells. These findings
suggest that curcumin may inhibit the Th 1 cytokine profile in
CD4™ T cells by suppressing IL-12 production in macro-
phages and point to a possible therapeutic use of curcumin in
Th 1 -mediated immune diseases.

Natarajan et al. found that curcumin inhibits experimental
allergic encephalomyelitis (EAE) in association with a
decrease in IL-12 production from macrophage/microglial
cells and differentiation of neural Ag-specific Thl cells (24). In
vitro treatment of activated T cells with curcumin inhibited
IL-12-induced tyrosine phosphorylation of Janus kinase 2,
tyrosine kinase 2, and STAT3 and STAT4 transcription
factors. The inhibition of Janus kinase-STAT pathway by
curcumin decreased IL-12-induced T cell proliferation and
Thl differentiation. These findings highlight the fact that
curcumin inhibits EAE by blocking IL-12 signaling in T cells
and suggest its use in the treatment of multiple sclerosis and
other Thl cell-mediated inflammatory diseases. Thus, overall
these studies suggests that cucumin has potent immuno-
suppressive effects.

BIN. Suppression of angiogenesis by curcumin: Angiogenesis is
a crucial step in the growth and metastasis of many cancers.
The effect of curcumin on endothelial cell migration,
attachment, and tube formation on Matrigel has been
investigated (220). Curcumin had no effect on endothelial cell
migration or attachment to either plastic or Matrigel.
Curcumin inhibited tube formation and also caused the
preformed tubes to break down. Curcumin inhibited angioge-
nesis in a subcutaneus Matrigel plug model in mice. The study
also showed that curcumin inhibits the gelatinolytic activities
of secreted 53- and 72-kDa MMP and suppresses the
expression and transcription of the 72kDa, MMP, indicating
its inhibitory effect at both the transcriptional and post-
transcriptional level, thus suggesting that curcumin acts as an
angiogenesis inhibitor by modulating MMP. Cell motility is
essential for a wide range of cellular activities including
anigogenesis. In the highly invasive SK-Hep-1 cell line of
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human hepatocellular carcinoma (HCC), Lin et al. found that
curcumin inhibited cellular migration and invasion of SK-
Hep-1 (117). Further, and parallel with its anti-invasion
activity, curcumin inhibited MMP-9 secretion in SK-Hep-1.
Shin et al. studied the role of JNK in endothelial cell motility
using stable transfectant (DAR-ECV) of ECV304 endothelial
cells expressing previously established oncogenic H-Ras (leu
61) and used curcumin to inhibit it (221). DAR-ECV cells
showed an enhanced angiogenic potential and motility
(approximately 2-fold) compared to ECV304 cells. Western
blot analysis revealed constitutive activation of JNK in DAR-
ECV cells. Pretreatment of curcumin decreased the basal
motility of DAR-ECV cells in a dose-dependent manner and
suppressed the motility stimulated by known JNK agonists
such as TNFa and anisomycin. These results suggest that the
JNK pathway regulates the motility of endothelial cells during
angiogenesis and curcumin can inhibit it. Arbiser et al.
investigated curcumin for its ability to inhibit the
proliferation of primary endothelial cells in the presence and
absence of basic fibroblast growth factor (bFGF), as well as
its ability to inhibit proliferation of an immortalized
endothelial cell line (222). They found that curcumin
effectively inhibited endothelial cell proliferation, inhibited
bFGF-mediated corneal neovascularization in the mouse and
had no effect on phorbol ester-stimulated VEGF production.
These results indicate that curcumin has direct antiangiogenic
activity in vitro and in vivo.

Using cultured corneal cells, Mohan et al. showed that
FGF-2 stimulates DNA binding activity of AP-1 but not
NF-kB and that AP-1 stimulation is inhibited by curcu-
minoids (118). The FGF-2-induced gelatinase B trans-
criptional promoter activity was found to be dependent on
AP-1 but not NF-kB response elements, and promoter
activity was also inhibited by curcuminoids. In rabbit corneas,
the angiogenic response induced by implantation of an FGF-2
pellet was inhibited by the co-implantation of a curcuminoid
pellet and this correlated with inhibition of endogenous
gelatinase B expression induced by FGF-2. Angiostatic
efficacy in the cornea is also observed when curcuminoids
were provided to mice in the diet. Thus these results also
provide evidence that curcuminoids target the FGF-2
angiogenic signaling pathway and inhibit expression of
gelatinase B in the angiogenic process.

TGF-B1 stimulates migration/invasion of mouse trans-
formed keratinocytes and increases urokinase (uPA)
expression/secretion. Santibanez et al. found that curcumin
abrogated the enhancement of uPA levels induced by TGF-81
in transformed keratinocytes; inhibited the TGF-1-induced
synthesis of fibronectin, an early response gene to the growth
factor; and reduced TGF-B1-stimulated cell migration and
invasiveness (165). These results suggest that a tyrosine
kinase- signaling pathway should be involved in TGF-B1-
mediated increase in malignancy of transformed keratinocytes
and that curcumin could play an important role in inhibiting
this process.
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B10. Curcumin inhibits xanthine oxidase: Lin et al. showed
that the treatment of cells with the PMA elevates xanthine
oxidase (XO) activity, an enzyme capable of generating
reactive oxygen species such as superoxide and hydrogen
peroxide (154). Simultaneous administration of 2 and 10 uM
curcumin with 100 ng/ml PMA inhibited PMA-induced
increases in XO activity. The PMA-induced conversion of
xanthine dehydrogenase (XD) to XO was reduced by
curcumin to the basal level noted in untreated cells. The
activity of XO is remarkably inhibited by curcumin in vitro,
but not by its structurally related compounds caffeic acid,
chlorogenic acid and ferulic acid. Based on these findings,
induction of XO activity is thought to be one of the major
causes of PMA-mediated tumor promotion, and the major
mechanism by which curcumin inhibits PMA-induced
increases in XD/XO enzyme activities is through direct
inactivation at the protein level.

BIP. Curcumin activates aryl hydrocarbon receptor and
induces cytochrome P450: Various carcinogens activate the
pathway mediated by the aryl hydrocarbon receptor
(AhR). Ciolino et al. examined the effect of curcumin on
the AhR and cytochrome P450 1Al in MCF-7 cells.
curcumin caused a rapid accumulation of cytochrome P450
1A1 (CYP1A1l) mRNA, and CYPIAl monooxygenase
activity increased as measured by ethoxyresorufin-O-
deethylation (157). Curcumin activated the DNA-binding
capacity of the AhR for the xenobiotic responsive element
of CYP1ALl as measured by electrophoratic mobility shift
assay. Curcumin was able to compete with the prototypical
AhR ligand 2,3,7,8-tetrachlorodibenzo-p-dioxin for binding
to the AhR in isolated MCF-7 cytosol, indicating that it
interacts directly with the receptor. Although curcumin
could activate the AhR on its own, it partially inhibited the
activation of AhR, as measured by electrophoratic mobility
shift assay, and partially decreased the accumulation of
CYP1A1 mRNA caused by the mammary carcinogen
dimethylbenzanthracene (DMBA). Curcumin compe-
titively inhibited CYP1A1 activity in DMBA-treated cells
and in microsomes isolated from DMBA-treated cells.
Curcumin also inhibited the metabolic activation of
DMBA, as measured by the formation of DMBA-DNA
adducts, and decreased DMBA-induced cytotoxicity. These
results suggest that the chemopreventive effect of
curcumin may be due, in part, to its ability to compete with
aryl hydrocarbons for both the AhR and CYPIAL sites.
Curcumin may thus be a natural ligand and substrate of the
AhR pathway.

Oetari et al. investigated the interactions between curcumin
and cytochrome P450s (P450s) in rat liver (152). Curcumin is
relatively unstable in phosphate buffer at pH 7.4. The stability
of curcumin was strongly improved by lowering the pH or by
adding glutathione (GSH), N-acetyl L-cysteine (NAC),
ascorbic acid, rat liver microsomes, or rat liver cytosol.
Curcumin was found to be a potent inhibitor of rat liver P450

1Al/IA2 measured as ethoxyresorufin deethylation (EROD)
activity in B-naphthoflavone (BNF)-induced microsomes, a
less potent inhibitor of P450 2B1/2B2, measured as
pentoxyresorufin depentylation (PROD) activity in pheno-
barbital PB-induced microsomes, and a weak inhibitor of
P450 2EI, measured as p-nitrophenol (PNP) hydroxylation
activity in pyrazole-induced microsomes. Ki values were 0.14
and 76.02 uM for the EROD and PROD activities, respe-
ctively, and 30 uM curcumin inhibited PNP-hydroxylation
activity by only 9%. In EROD and PROD experiments,
curcumin showed a competitive type of inhibition.

BI1Q. Curcumin binds to P-glycoprotein and induces chemo-
sensitivity: Curcumin has been endowed with beneficial
biological activities, including antioxidant, anticarcinogenic
and hepatoprotective effects. Romiti er al. examined the
effects of curcumin on P-glycoprotein in primary cultures of
rat hepatocytes for its potential ability to interact in vitro with
hepatic P-glycoprotein (Pgp) (169). In this system, sponta-
neous overexpression of multidrug resistance (mdr) genes
occurs. In both freshly-plated hepatocytes, containing low
levels of Pgp, and 72 hour-cultured hepatocytes, containing
high levels of Pgp, the rhodamine-123 (R-123) efflux, which
represents a specific functional test for Pgp-mediated
transport, was inhibited by curcumin. A 25 puM dose of
curcumin significantly lowered the increase of mAb C219-
immunoreactive protein that spontaneously occurs in cells
during culture. Curcumin, at doses ranging from 50 to 150
uM, was cytotoxic for freshly plated hepatocytes, as shown by
the strong decrease in the cell’s ability to exclude trypan blue
24 hours later, but it was significantly less cytotoxic when
added to cells cultured for 24 or 48 hours. The resistance to
curcumin, progressively acquired by cells during culture was
significantly reduced by high concentrations of dexa-
methasone (DEX) or DMSO, culture conditions known to
inhibit the spontaneous overexpression of Pgp. In addition, in
a concentration-dependent manner, verapamil reverted
curcumin resistance in Pgp overexpressing hepatocytes. In
photoaffinity labeling studies, curcumin competed with
azidopine for binding to Pgp, suggesting a direct interaction
with glycoprotein. Recently, Anuchapreeda et al. also studied
the effect of curcumin on the expression and function of Pgp
in the multidrug-resistant human cervical carcinoma cell line
KB-V1 (223). Curcumin lowered Pgp expression and MDRI
mRNA levels in KB-V1 cells in a concentration-dependent
manner. The effect of curcumin on Pgp function was
demonstrated by rhodamine 123 (Rh123) accumulation and
efflux in Pgp-expressing KB-V1 cells. Curcumin increased
Rh123 accumulation in a concentration-dependent manner (1
-55 microM) and inhibited the efflux of Rh123 from these
cells, but did not affect the efflux of Rh123 from the wild-type
drug-sensitive KB-3-1 cells. Treatment of drug-resistant KB-
V1 cells with curcumin increased their sensitivity to
vinblastine, which was consistent with an increased
intracellular accumulation of Rh123. In addition, curcumin
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inhibited verapamil-stimulated ATPase activity and the
photoaffinity labeling of Pgp with the prazosin analog []251]
iodoarylazidoprazosin in a concentration-dependent manner,
demonstrating that curcumin interacts directly with the
transporter. These results suggest that in vitro curcumin is
able to modulate both expression and function of Pgp. Thus,
curcumin could also reveal itself to be a compound endowed
with chemosensitizing properties in cells with the mdr
phenotype.

BIR. Curcumin interacts and inhibits glutathione s-transferase:
Anticarcinogenic, antimutagenic, antioxidant and cytopro-
tective effects of curcumin can be explained by its inhibitory
effect on glutathione s-transferase (GST). Susan et al. studied
the induction of GST activity by curcumin in mice (15 1). At a
dose of 250 mg/kg orally for 15 days, the enzyme activity in
liver was increased by 1.8-fold. Its effect on the stomach,
small intestine, lungs and kidney was not significant. curcumin
also depleted sulfhydryl levels in tissues, especially in the
stomach, where 45% depletion was observed. Oetari et al.
investigated the interactions between curcumin and GST in
rat liver (152). curcumin is relatively unstable in phosphate
buffer at pH 7.4, but the stability was strongly improved by
lowering the pH or by adding glutathione (GSH), N-acetyl L-
cysteine (NAC), ascorbic acid, rat liver microsomes, or rat
liver cytosol. Curcumin was found to be a potent inhibitor of
GST activity in cytosol from liver of rats treated with
phenobarbital (PB), Pnaphthoflavone (PNF) and pyrazole
(Pyr), when measured using 1-chloro-2,4-dinitrobenzene
(CDNB) as substrate. In liver cytosol from rats treated with
PB, curcumin inhibited GST activity with Ki of 5.75 uM and
12.5 uM. In liver cytosol from rats treated with pyrazole (Pyr)
or beta-naphthoflavone (beta NF), curcumin demonstrated a
competitive type of inhibition with Ki values of 1.79 uM and
2.29 uM, respectively.

Iersel et al. reported that curcumin inhibits GST activity
towards 1-chloro-2,4dinitrobenzene in human melanoma cells
(224). The major GST subunit expressed in these cells is the
pi-class GST subunit P1. A 1-hour exposure of GST-treated
cells to 25 uM curcumin caused 96% inhibition. Up to about
50% GSH-depletion was found after treatment with
curcumin. Curcumin inactivated GSTP1-1 by covalent modi-
fication. This was clear from the fact that, depending on the
dose, between 30% and 80% inhibition was still observed
after lysis of the cells, under which conditions inhibition is no
longer reversible.

Awasthi et al. also examined the interaction of glutathione
(GSH) with curcumin (153). Curcumin contains two ele-
ctrophilic o, B-unsaturated carbonyl groups, which can react
with nucleophilic compounds such as GSH. Awasthi’s group
took advantage of this characteristic in investigating the
reactions of curcumin with GSH and the effect of
recombinant human GSTP1-1 on reaction kinetics. Gluta-
thionylated products of curcumin identified by FAB-MS and
MALDI-MS included mono- and di-glutathionyl adducts of
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curcumin as well as cyclic rearrangement products of GSH
adducts of feruloylmethylketone (FMK) and feruloylaldehyde
(FAL). The presence of GSTP1-1 significantly accelerated the
initial rate of GSH-mediated consumption of curcumin in 10
mM potassium phosphate, pH 7.0 and 1 mM GSH. GSTP1-1
kinetics determined using HPLC indicated substrate
inhibition (apparent Km for curcumin of 25 + 11 uM, and
apparent Ki for curcumin of 8§ = 3 uM). GSTP1-1 was also
shown to catalyze the reverse reaction, leading to the
formation of curcumin from GSH adducts of FMK and FAL.
Thus the effects of curcumin on the GSH-GST system may
explain the chemopreventive activities assigned to it.

BIS. Suppression of inflammation by curcumin: Inflammation
has been implicated in carcinogenesis. Numerous lines of
evidence, both in vitro and in vivo, suggest that curcumin is a
potent anti-inflammatory agent (47, 95, 113, 114, 128, 162,
225-229). Joe et al. (229) examined the effect of curcumin on
arachidonic acid metabolism and secretion of lysosomal
enzymes by rat peritoneal macrophages. They found that 10
UM curcumin treatment for 1 hour inhibited the incorpo-
ration of arachidonic acid into the membrane lipids by 82%:
prostaglandin E2 by 45%; leukotriene B4 by 61% and
leukotriene C4 by 34%, respectively, but did not affect the
release of arachidonic acid from macrophages stimulated by
PMA. However, the secretion of 6-keto PGF1la was enhanced
by 40% from macrophages preincubated with 10 uM
curcumin. Curcumin also inhibited the secretion of colla-
genase, elastase and hyaluronidase. These results thus showed
that curcumin can control the release of inflammatory
mediators such as eicosanoids and hydrolytic enzymes
secreted by macrophages, thus explaining its anti-inflamma-
tory properties.

Reddy et al. examined the anti-inflammatory activity of
curcumin on carrageenin-induced inflammation in rats (228).
They found that curcumin, when given by gavage, lowered
carrageenin-induced edema in the foot pads of rats.
Interestingly. supplementation of diets with 1% curcumin
(w/w) did not affect the inflammatory responses of animals to
carrageenin injection. Yamamoto et al. examined the effect of
curcumin on mammalian phospholipase D (PLD), phospha-
tidylinositol- specific PLC and PLA2 from mouse macro-
phage-like cell line J774.1 cells, sphingomyelinase from
bovine brain and phosphatidylcholine-phospholipase C from
Bacillus cereus (162). Curcumin inhibited several types of
phospholipases, most effectively PLD among those tested. It
also inhibited PMA-induced PLD activation in intact J774.1
cells.

With respect to inflammation, curcumin has been found to
inhibit the activation of free radical-activated transcription
factors in vitro, such as NF-KB and AP-1, and to reduce the
production of pro-inflammatory cytokines such as TNF, IL-
18, and IL-8. The response to curcumin of inducible nitric
oxide synthase (iNOS), an inflammationinduced enzyme that
catalyzes the production of nitric oxide (NO) and a molecule
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that may lead to carcinogenesis, was studied by Chan et al., in
vivo. (128). They found that in ex vivo cultured BALB/c
mouse peritoneal macrophages, 1-20 uM curcumin reduced
the production of iNOS mRNA in a concentration-dependent
manner. Furthermore, they demonstrated that two oral
treatments of 0.5 mL of a 10 uM solution of curcumin (92
ng/g of body weight) reduced INOS mRNA expression in the
livers of LPS-injected mice by 50-70%. Although many hold
that curcumin needs to be given at dosages that are
unattainable through diet to produce an in vivo effect, these
investigators obtained potency at concentrations of
nanomoles per gram of body weight. This efficacy was
associated with two modifications in the preparation and
feeding regimen: 1) an aqueous solution of curcumin was
prepared by initially dissolving the compound in 0.5 N NaOH
and then immediately diluting it in PBS; and 2) mice were fed
curcumin at dusk after fasting. Inhibition was not observed in
mice that were fed ad libitum, suggesting that food intake may
interfere with the absorption of curcumin.

BIT. Effect of curcumin on mutagenic effects of drugs:
Numerous studies suggest that curcumin is a potent
antimutagenic agent (230-247) that may contribute to its
chemopreventive effects. Nagabhushan ef al. examined the
effect of curcumin on the mutagenicity of several envi-
ronmental mutagens in the Salmonella microsome test with
or without Aroclor 1254-induced rat-liver homogenate (S-9
mix) (230). With Salmonella typhimurium strain TA98 in the
presence of S-9 mix, curcumin inhibited the mutagenicity of
bidi (a rural cigarette where tobacco is wrapped in a dried
leaf) and cigarette smoke condensates, tobacco and masheri
extracts, benzo[a]pyrene and dimethyl benzo[a]anthracene.
curcumin did not influence the mutagenicity without the S-9
mix of sodium azide, monoacetyl hydrazine and streptozocin
in strain TA100 nor of 4nitrophenylenediamine in strain
TAO98. These observations indicated that curcumin may alter
the metabolic activation and detoxification of mutagens.
Shalini et al. examined the effect of curcumin on lipid
peroxide-induced DNA damage (231). Curcumin was very
effective in protection of DNA against peroxidative injury.
Shalini et al. also investigated the effect of curcumin on the
fuel smoke condensate (FSC)-induced DNA damage in
human lymphocytes using fluorescence analysis of DNA
unwinding (232). Curcumin protected DNA against FSC and
PMA. Donatus et al. examined the effect of curcumin on
paracetamol-induced cytotoxicity, lipid peroxidation, and
glutathione depletion in rat hepatocytes (233). Paracetamol
was selected as a model toxin because it is known to be
bioactivated by 3-methylcholanthrene-inducible cytochrome
P450, presumably to N-acetyl-p-benzoquinone imine, a
reactive metabolite that upon overdosage causes protein and
non-protein thioldepletion, lipid peroxidation and cytoto-
xicity, the last measured as LDH leakage. At low con-
centrations, curcumin protected hepatocytes significantly
against paracetamol-induced lipid peroxidation, without

protecting them against paracetamol-induced LDH leakage
or paracetamol-induced GSH depletion. At 100 times the
low-dose concentration of curcumin, protection against on
lipid peroxidation was accompanied by a tendency to increase
cellular GSH depletion and LDH leakage. It was concluded
that curcumin’s cytoprotective effects at low dose and
cytotoxic effects at high dose may be explained by a strong
anti-oxidant capacity of curcumin and the ability of curcumin
to conjugate with GSH.

Abraham et al. investigated the effect of curcumin against
y-radiation-induced in vivo chromosomal damage using the
mouse bone marrow micronucleus test (236). Oral
administration of curcumin (5, 10, and 20 mg/kg b.w.) to
mice significantly reduced the frequency of micronucleated
polychromatic erythrocytes induced by whole body exposure
to y-radiation (L 15 Gy; 0.05 Gy/s). This effect was
observed when curcumin was given after a single
administration either 2 hours before or immediately after
irradiation. The protective effects were observed in bone
marrow cells sampled 24, 30 and 48 hours after exposure to
radiation.

Soudamini et al. used S. typhimurium strains TA 100 and
TA 1535 to examine the mutagenicity and anti-mutagenicity
of curcumin (237). Turmeric extract was found to inhibit
microsomal activation-dependent mutagenicity of 2-aceta-
midofluorene. Similar results were also obtained using
curcumin. Oda et al. reported inhibitory effects of curcumin
on SOS functions induced by UV irradiation in S.
typhimurium TA 1535/pSK1002 and E. coli K-12 strain (238).
Induction of the SOS gene (umuC) expression was assayed by
measuring accumulated B-galactosidase activity. They found
that curcumin blocked umuC induction promoted by UV
irradiation. In regard to another SOS response, the Weigle
reactivation, they observed that curcumin effectively inhibited
phage reactivation by UV irradiation. They also showed that
mutagenesis induced by UV irradiation was suppressed by the
addition of curcumin.

Recently, Grandhean-Laquerriere et al. have studied the
modulatory effect of curcumin on the UVB-induced cytokine
expression by keratinocytes (248). Following UVB radiation
treatment, expression of TNF-a, IL-6 and IL-8 by NCTC 2544
keratinocyte cell line was significantly enhanced both at the
mRNA and protein level. The UVB also increased the IL-10
steady-state  mRNAs level. Radiation-induced cytokine
overexpression was accompanied by NF-kB and AP-1 trans-
cription factors. To investigate in keratinocytes the relative
contributions of those transcription factors on UVB-mediated
cytokine induction, cell cultures were supplemented with
curcumin. Curcumin significantly inhibited NF-KB activation
by UVB, but AP-1 activation was unaffected. In parallel,
curcumin decreased, in a dose-dependent manner, the UVB-
mediated overexpression of all three pro-inflammatory
cytokines and only exhibited a moderate enhancing influence
on IL-10 expression.

Deshpande et al. (239) investigated the effects of curcumin
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on the formation of benzo[a]pyrene-derived DNA adducts in
vitro employmg mouse liver S9. A dose-dependent decrease in
binding of [ H]B(a)P metabolites to calf thymus DNA was
observed in the presence of curcumins. Further studies
employing mouse liver microsomes and individual compo-
nents of curcumins, i.e. curcumin (C), demethoxycurcumin
(dmC) and bisdemethoxycurcumin (bdmC), showed that all
three components brought about dose-dependent inhibition
of [3H]B(a)P-DNA adduct formation. Inhibitory activity was
on the order C > dmC > bdmC. Investigations on the
inhibitory effect of curcumin showed a dose-dependent
decrease in cytochrome P450 and aryl hydrocarbon hydro-
xylase (AhH) activity, resulting in increased unmetabolized
B(a)P in the presence of curcumin. A comparison of the
structures of curcumins with their activity profile suggested
the importance of both parahydroxy (p-OH) and methoxy
groups (-OCH3) in the structure-activity relationship.
Removal of curcumln restorated cytochrome P450 activity
and the levels of [ H]-B(a)P-DNA adducts. Thus these
studles demonstrated that curcumin is effective in inhibiting
[H]B(a)P -derived DNA adducts by interfering with the
metabolic enzymes and that its physical presence is essential
for this effect.

Anto et al. investigated the antimutagenic and anticarci-
nogenic activity of natural and synthetic curcuminoids (240).
They used five synthetic curcuminoids and three natural
curcuminoids. The natural curcuminoids, curcumin I (diferu-
loylmethane), curcumin II (feruloyl-p-hydroxycinnamoylme-
thane) and curcumin III (bis-(phydroxycinnamoyl) methane),
isolated from C longa were found to be potent inhibitors of
mutagenesis and crotan oil-induced tumor promotion.
Curcumin III produced 87% inhibition of 2-acetami-
dofluorene (2-AAF)-induced mutagenesis, at a concentration
of 100 ug/plate; curcumin II and curcumin I produced 70%
and 68% inhibition at the same concentration. All the
synthetic curcuminoids inhibited 2-AAF-induced mutage-
nicity; salicyl- and anisyl-curcuminoids were the most active.
Curcumin III most effectively antagonized the tumor
promotor among the natural curcuminoids: while 90% of
control animals had papillomas on the 10th week of tumor
initiation, only 10% of the curcumin III-treated animals, 20%
of the curcumin II-treated animals and 40% of the curcumin
I-treated animals had papillomas at that time. Salicylcurcu-
minoid, which completely blocked papilloma formation in the
10th week, was the most potent anti-carcinogen among the
synthetic curcuminoids. Piperonal curcuminoid also exhibited
antipromotional activity.

Soni and his coworkers examined the protective effect of
curcumin on aflatoxin-induced mutagenicity and hepato-
carcinogenicity using Salmonella tester strains TA 98 and TA
100 (241). Curcumin inhibited mutation frequency by more
than 80% at concentrations of 2 pg/plate. Dietary admi-
nistration of curcumin to rats significantly reduced the
number of aflatoxin-induced vy-glutamyl transpeptidase-
positive foci, which are considered precursors of hepato-
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cellular neoplasms. These results indicate the usefulness of
curcumin in ameliorating aflatoxin-induced mutagenicity and
carcinogenicity.

Interestingly, Ahsan et al. showed that in the presence of
Cu(Il), curcumin caused breakage of calf thymus and
supercoiled plasmid pBR322 DNA (242). The products were
relaxed circles with no detectable linear forms. The metal ions
tested, Mg(II), Ca(II), Fe(II) and Ni(II) were ineffective or
less effective in the DNA breakage reaction. Cu(I) was shown
to be an essential intermediate by using the Cu(I)-specific
sequestering reagent neocuproine. The 1nvolvement of
reactive oxygen species, such as H;O; and 02 was
established by the inhibition of DNA breakage by catalase
and azide. Curcumin is also able to directly produce O; and
H,0,, and in the presence of Cu(ll), OH is generated.
Absorption spectra of curcumin in the presence of DNA
indicated that a complex is formed between the two.
Similarily, Antunes ef al. examined the effects of curcumin on
chromosomal damage induced by doxorubicin (DXR) in
Chinese hamster ovary (CHO) cells (243). The DXR is a
known free radical generator. Cells were treated with three
concentrations of curcumin (2.5,5, or 10 ug/ml), and then
treated with DXR (1 pg/ml) during different phases of the
cell cycle. Curcumin induced chromosomal damage in CHO
cells, and treatment with curcumin did not reduce the
clastogenicity of DXR. Instead, a statistically significant
increase in the frequency of chromosomal damage was
observed when curcumin was combined with DXR during the
G1/S- S- and S/G2- phases of the cell cycle. The results clearly
indicated the potentiating effect of curcumin on DXR-
induced chromosomal damage.

Kelly ef al. examined the effect of curcumin on oxidative
damage to cellular DNA (244). They pretreated Jurkat T-
lymphocytes for 30 minutes with 0-25 uM curcumin and then
challenged them with 25 uM H,O;. Afterwards, the cells were
subjected to alkaline microgel electrophoresis (i.e. comet
assay) to assess the extent of single-strand breaks in DNA.
Curcumin alone actually induced DNA damage. This effect
did not appear to reflect the DNA fragmentation associated
with apoptosis because there was no proteolytic cleavage of
poly-(ADP-ribose)-polymerase, an early marker of apoptosis.
Curcumin-induced damage to DNA was prevented by pre-
treatment of the cells with the lipophilic antioxidant
a-tocopherol, suggesting that curcumin damaged DNA
through oxygen radicals. Therefore, it was concluded that
curcumin has prooxidant activity in cultured cells based on
their opposite effects on DNA.

Araujo et al. investigated the protective effect of thiourea, a
hydroxyl-radical scavenger, on curcumin-induced chromo-
somal aberrations in an in vitro mammalian cell system (245).
Although known to scavenge free radicals and to inhibit
clastogenesis in mammalian cells, curcumin has also been
reported to induce a significant increase in the frequency of
chromosomal aberrations in CHO cells. To investigate
whether the clastogenic activity of curcumin in CHO cells in
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culture can be ascribed to a pro-oxidant behavior, mediated
by free radical generation, experiments were carried out with
the combination of curcumin (15 ug/ml) and thiourea (10, 20,
or 40 ug/ml), a potent hydroxyl radical scavenger. The results
showed that the clastogenic action of curcumin was stati-
stically significantly decreased in the presence of thiourea.
These data show that curcumin-induced chromosomal
damage in CHO cells can be mediated by hydroxyl radical
generation.

How curcumin induces arrest in the G2/M-phase of the
cell cycle is not well understood. It is possible that growth
arrest is associated with structural changes in cellular
organization during mitosis. Holy ef al. found that curcumin
disrupts the mitotic spindle structure and induces
micronucleation in MCF-7 breast cancer cells (246).
Treatment of MCF-7 breast cancer cells with 10-20 uM
curcumin for 24-48 hours arrested them in M-phase and
inhibited DNA synthesis almost completely. Remarkably,
arrested mitotic cells exhibited monopolar spindles and
chromosomes did not undergo normal anaphase
movements. After 48 hours, most cells eventually left M-
phase, and many formed multiple micronuclei instead of
individual daughter nuclei. These observations indicate that
the curcumin-induced G2/M arrest previously described for
MCEF-7 cells is due to the assembly of aberrant, monopolar
mitotic spindles that are impaired in their ability to
segregate chromosomes. The production of cells with
extensive micronucleation after curcumin treatment
suggests that at least some of the cytostatic effects of

curcumin are due to its ability to disrupt normal mitosis,
and raises the possibility that curcumin may promote
genetic instability under some circumstances.

Shukla et al. examined the antimutagenic potential of
curcumin on chromosomal aberrations using in vivo
chromosomal aberration assay in Wistar rats (247).
Cyclophosphamide (CP), a well-known mutagen, was given by
intraperitoneal (i.p.) injection at the dose of 40 mg/kg body
weight (b.w.). Curcumin was given at the dose of 100 and 200
mg/kg b.w. through gastric intubation for seven consecutive
days prior to CP treatment. The animals were sacrificed at the
sampling time of 24 hours after treatment, and their bone
marrow tissue was analyzed for chromosomal damage and
mitotic index. In CP-treated animals, a significant induction
of chromosomal aberration was recorded with decrease in
mitotic index. However, in curcumin-supplemented animals,
no significant induction in chromosomal damage or change in
mitotic index was recorded. In different curcumin-supple-
mented groups, a dose-dependent significant decrease in CP
induced clastogenicity was recorded. The incidence of
aberrant cells was reduced by both doses of curcumin when
compared to the CP-treated group. The anticytotoxic
potential of curcumin towards CP was also evident as the
mitotic index showed an increment. The study revealed the
antigenotoxic potential of curcumin against CP -induced
chromosomal mutations. These anti-mutagenic effects
contribute to the chemopreventive potential of curcumin.

BIU. Curcumin can induce radioprotection: Several studies
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Table I1I. Phamacokinetics, biotransformation, tissue distribution and metabolic clearance rates of curcumin.

Animal Route Dose Remarks References

Mice ip. 0.1g/kg -2.25 ug/ml in plasma in first 15 minutes (262)
-At 1 hour, intestine, spleen, liver and kidney
are 177, 26, 27, 8 ug/kg; 0.4 ug/g brain
-Biotransformed from DHC to THC, and
then converted to monoglucuronide conjugates
Mice ip. 100 mg/kg* -39-240 nmol/g tissue small intestine (275)
Rats Oral 1g/kg -75% excreted in the feces, (257)
-Negligible in urine
-Poorly absorbed in the gut,
-No toxicity at Sg/kg
iv. - -Transported into bile
-Major part metabolized
Rats Oral, * -Mostly fecal excretion (256)
iv. &ip. -Excreted in the bile
-Major biliary metabolite THC/HHC glucuronides
Rats Oral 400 mg -60% absorbed (258)
-None in urine; conjugated glucuronides & sulfates
-None in heart blood
-Less than 5 pg/ml in portal blood
-Negligible in liver /kidney (<20 pg/tissue) for 24 h
-At 24 h, 38% in lower part of the gut

Rats - 2g/kg -Low serum levels (261)
-Piperine increased bioavailabaility by 154%
Rats Oral, 2% of diet -Plasma levels 12 nM (274)
ig -Liver (0.1-0.9 nmol/g; colon (0.2-1.8 mmol/g)

-Increased hepatic GST (16%)
-Decreased colon MDH-DNA adduct (36%)

-More in plasma, less in colon

Rats Lv. 40 mg/kg -Disappeared from plasma in 1 h (271)
p-o. 500 mg/kg -Detectable in plasma

-Biotransformed to curcumin glucuronide and sulfate

Human Oral 2g -Serum level not detectable (261)
-Piperine increased bioavailabaility by 2000%

Human Oral 375 mg x 3/d -Well-tolerated for 12 weeks (264)
-Significant benefit

Human Oral 375 mg x 3/d -Well-tolerated for 6-22 months (264)
-Significant benefit

Human Oral 1g-12g/d -Well-tolerated up to 8g/day up to 3 months (269)

-Serum levels peaked at 1-2hours & declined at 12 hours.
-Serum levels 0.51+0.11; 0.63%0.06; 1.77+1.87 uM

Human Oral 36-180 mg/d -Most in feces, none in blood or urine (270)
-59% decrease in lymphocytic GST after 14 days

DHC (dihydrocurcumin), THC (tetrahydrocurcumin) and HHC (hexahydrocurcumin); i.v., intravenous, i.p., intraperitonial; i.g., intragastric; p.o.,
post-oral; d, day; GST, glutathione S transferase.
* combined with [SH] curcumin.
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suggest that curcumin is radioprotective. Thresiamma et al.
showed curcumin protects rats from radiation- induced
toxicity (249). Whole body irradiation of rats (10 Gy as five
fractions) produced lung fibrosis within 2 months, as assessed
by increased lung collagen hydroxyproline and histo-
pathology. Oral administration of curcumin (200 umole/kg
body weight) significantly reduced hydroxyproline. In serum
and liver, irradiation-induced increases in lipid peroxidation
were reduced significantly by curcumin treatment. The liver
SOD and GSH peroxidase activity increases were also
reduced significantly by curcumin, as was the frequency of
micronucleated polychromatic erythrocytes in mice. In
another study, Thresiamma et al later investigated the
protective effect of curcumin on radiation-induced geno-
toxicity (250). They showed that induction of micronuclei and
chromosomal aberrations produced by whole-body exposure
of y-radiation (1.5-3.0 Gy) in mice was significantly inhibited
by oral administration of curcumin (400 pmoles/kg body
weight), inhibited micronucleated polychromatic and normo-
chromatic erythrocytes, significantly reduced the number of
bone marrow cells with chromosomal aberrations and
chromosomal fragments, and inhibited the DNA strand
breaks produced in rat lymphocytes upon radiation as seen
from the DNA unwinding studies. In contrast to these studies,
Araujo et al. showed potentiation by curcumin of y-radiation-
induced chromosome aberrations in CHO cells (251). They
treated the cells with curcumin (2.5, 5, and 10 pg/ml), and
then irradiated (2.5 Gy) them during different phases of the
cell cycle. curcumin at 10 pg/ml increased the chromosomal
damage frequency. Curcumin did not have a protective effect
against the clastogenicity of y-radiation. Instead, an obvious
increase in the frequencies of chromosome aberrations
occurred when curcumin was given at 10 pg/ml plus
y-radiation during S- and G2/S- phases of the cell cycle. Why
there is a difference in the results of Thresiamma et al. and
Araujo et al. is unclear.

Inano and Onoda investigated the radioprotective action of
curcumin on the formation of urinary 8-hydroxy-2’-deoxy-
guanosine (8-OHdG), tumorigenesis and mortality induced
by y-irradiation. The rats were examined for mammary and
pituitary tumors for 1 year. Virgin rats received whole-body
irradiation with 9.6 Gy and were fed a diet containing
curcumin for 3 days before and/or 3 days after irradiation.
After irradiation, all rats were assessed for 8-OHdAG levels
and survival was assessed daily for 30 days. The invstigators
found that, in virgin rats irradiated with 3 Gy, the creati-
nine-corrected concentration and total amount of 8-OHdG in
the 24-hours urine samples were higher (~ 1.3-fold) than in
the non-irradiated controls. Adding curcumin to the diet for 3
days before and/or 2 days after irradiation reduced the
elevated 8-OHdG levels by 50-70%. Dietary curcumin (1%,
w/w) significantly decreased the incidence of mammary and
pituitary tumors. However, curcumin did not improve survival
when administered for 3 days before and/or 3 days after
irradiation (9.6 Gy). These findings demonstrate that curcu-

min can be used as an effective radioprotective agent to
inhibit acute and chronic effects, but not mortality, after
irradiation.

How curcumin provides radioprotection is not fully
understood. A few studies, however, indicate that curcumin
inhibits the radiation-induced damage of specific proteins.
Kapoor and Priyadarsini examined the free radical reactions
of lysozyme (Lz), tryptophan and disulfides to curcumin in
aqueous solution using a pulse radiolysis technique (252). The
binding of curcumin with lysozyme was confirmed using
absorption, fluorescence and stopped-flow techniques. The
free radicals of curcumin generated after repairing radicals of
disulfides, lysozyme and tryptophan absorbed meximally at
500-510 nm. This interaction may play a role in the anti-
oxidant behavior of curcumin in protecting proteins. In
contrast, Varadkar ef al. examined the effect of curcumin on
radiation-induced PKC activity isolated from the liver cytosol
and the particulate fraction of unirradiated mice and mice
irradiated at 5 Gy (253). Following irradiation, the PKC
activity was increased in both cytosolic and particulate
fractions. Curcumin inhibited the activated cytosolic and
particulate PKC at very low concentrations. Since activation
of PKC is one of the means conferring radioresistance on a
tumor cell, suppression of PKC activity by curcumin might
prevent the development of radioresistance.

Another potential mechanism of radioprotection involves
suppression of radiation-induced gene expression. Oguro and
Yoshida examined the effect of curcumin on UVA-induced
ornithine decarboxylase (ODC) and metallothionein (MT)
gene expression in mouse skin (254). They showed that UVA
induced MT mRNA in mouse skin; and 1,4-diazabicylo-[2,2,2]
-octane (DABCO), a singlet oxygen scavenger, reduced
UVA-mediated induction of MT mRNA (by 40%). UVA
slightly enhanced TPA-mediated ODC mRNA induction,
while it enhanced ODC enzyme activity by 70%. UVA
additively intensified TPA-mediated MT mRNA induction.
Curcumin dramatically inhibited both TPA- and TPA +
UVA-induced expression of ODC and MT genes.

B1V. Curcumin inhibits telomerase activity: Telomerase activity
is linked to cellular proliferation, and its activation seems to
be a mandatory step in carcinogenesis. Ramachandran et al.
analyzed the effect of curcumin on telomerase activity in
human mammary epithelial (MCF-10A) and breast cancer
(MCEF-7) cells (255). Telomerase activity in MCF-7 cells was
6.9-fold higher than that of human mammary epithelial cells.
In MCF-7 cells, telomerase activity decreased with increasing
concentrations of curcumin, inhibiting about 93.4% activity
at 100 uM concentration. The inhibition of telomerase activity
in MCF-7 cells may be due to down-regulation of hTERT
expression. Increasing concentrations of curcumin caused a
steady decrease in the level of h"TERT mRNA in MCF-7 cells,
whereas the level of c-myc mRNAs remained the same. These
results suggest that curcumin inhibits telomerase activity by
down-regulating hTERT expression in breast cancer cells and
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this down-regulation is not through the c-myc pathway. Since
hTERT is known to be regulated by NF-KB, it is possible that
the down-regulation of hTERT is mediated through
suppression of NF-kB by curcumin.

From the studies described above it is clear that curcumin
interferes with multiple signal transduction pathways (see
Figure 4), which could play a role in tumorigenesis. The
suppression of these pathways may explain the antitumor
effects of curcumin.

B2. In vivo animal studies with curcumin

B2A. Metabolism, pharmacokinetics, tissue distribution and
clearance of curcumin: B2AI1: Animal studies: Curcumin has
been administered to the animals via a variety of routes
including topical, systemic, intravenous and oral routes of
administration (Table III) (5, 61, 224, 256-274). Wahlstrom et
al. examined the uptake, distribution and excretion of
curcumin administered orally to Sprague-Dawley rats (257).
When administered at a dose of 1 g/kg, about 75% of
curcumin was excreted in the feces, while negligible amounts
of curcumin appeared in the urine. Measurements of blood
plasma levels and biliary excretion showed that curcumin
was poorly absorbed from the gut. No apparent toxic effects
were seen after doses of up to 5 g/kg. When intravenously
injected or when added to the perfusate of the isolated liver,
curcumin was actively transported into bile, against con-
centration gradients of several hundred times. The major part
of the drug was, however, metabolized. In suspensions of
isolated hepatocytes or liver microsomes 90% of the added
curcumin was metabolized within 30 minutes. Holder et al.
used curcumin labeled with deuterium and tritium to examine
the pharmacokinetics (256). Oral and intraperitoneal doses of
[H] curcumin led to the fecal excretion of most of the
radioactivity. When administered via either the intravenous
or intraperitoneal route, [3H] curcumin was excreted in the
bile of cannulated rats. Chemical ionization mass spectro-
metry demonstrated that the major biliary metabolites were
glucuronides of tetrahydrocurcumin and hexahydrocurcumin.
A minor biliary metabolite was dihydroferulic acid together
with traces of ferulic acid.

Ravindranath et al. examined the absorption and tissue
distribution of curcumin (400 mg) after oral administration in
rats (258). About 60% of the dose was absorbed; no curcumin
was detectable in urine. The urinary excretion of conjugated
glucuronides and sulfates significantly increased. No
curcumin was present in heart blood. Only traces (less than 5
ug/ml) in portal blood and negligible quantities in liver and
kidney (< 20 pg/ tissue) were observed from 15 minutes up to
24 hours after administration of curcumin. At the end of 24
hours the concentration of curcumin remaining in the lower
part of the gut, namely the cecum and large intestine,
amounted to 38% of the quantity administered. The same
investigators also examined the in vitro intestinal absorption
of curcumin in rats (259). When everted sacs of rat intestines
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were incubated with 50-750-ug of curcumin, 30-80% of the
added curcumin disappeared from the mucosal side. No
curcumin was detectable in the serosal fluid. Less than 3% of
the added curcumin was found in the tissue at the highest
concentration. In experiments with ["H] curcumin, 5-6% of
added radioactivity was found in the serosal side. TLC
examination of the mucosal extract showed the presence of 2
compounds, 1 corresponding to curcumin and the other to a
less polar, colourless compound. The serosal fluid had no
curcumin, but there was a compound whose RF was identical
with the colourless compound present in the mucosal side.
These experiments indicated that curcumin undergoes
transformation during absorption from the intestine.

Like Holder ef al., Ravindranath examined the metabolism
of curcumin using ["H] curcumin (256, 260). Radioactivity
was detectable in blood, hver and kidney following doses of
400, 80, or 10 mg of [ H] curcumin. The major route of
elimination of the label was the feces; urinary excretion was
very low regardless of the dose. At the lower doses of 80 mg
and 10 mg of [ H]curcumin, most of the label was excreted
within 72 hours, while with 400 mg, considerable amounts of
the label was present in the tissues 12 days after dosage. The
percentage of curcumin absorbed (60-66% of the given dose)
remained constant regardless of the dose administered. The
above mentioned studies indicate poor absorption, rapid
metabolism and excretion of curcumin. Therefore, it is
unlikely that substantial concentrations of curcumin occur in
the body after ingestion. However, Pan ef al. investigated the
pharmacokinetic properties of curcumin in mice after ip.
administration (262). After a dose of 0.1 g/kg, about 2.25
ug/ml of curcumin appeared in the plasma in the first 15
minutes. One hour after administration, the levels of
curcumin in the intestines, spleen, liver and kidneys were 177,
26, 27 and 8 ug/g, respectively. Only traces (0.4 pg/g) were
observed in the brain at 1 hour. When plasma was examined
for the nature of the metabolites of curcumin, by reverse-
phase HPLC, two putative conjugates were observed.
Treatment of the plasma with P-glucuronidase decreased the
concentrations of these two putative conjugates and
tetrahydrocurcumin (THC) and curcumin were detected. To
investigate the nature of these glucuronide conjugates in vivo,
the plasma was analyzed by electrospray. The chemical
structures of these metabolites, determined by mass spectro-
metry analysis, suggested that curcumin was first bio-
transformed to dihydrocurcumin and THC and that these
compounds subsequently were converted to monoglucuronide
conjugates. Because THC is one of the major metabolites of
curcumin, its stability at different pH values was examined.
THC was very stable in 0.1 M phosphate buffers of various
pH values. Moreover, THC was more stable than curcumin in
0.1 M phosphate buffer, pH 7.2. These results suggested
that curcumin-glucuronoside, dihydrocurcumin-glucurono-
side, THC-glucuronoside and THC are major metabolites of
curcumin in vivo.

Sharma et al. tested the hypothesis that 14 days of dietary
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curcumin (2%) affects biomarkers relevant to cancer
chemoprevention in the rat (274). Levels of inducible COX2,
as reflected by PGE; production by blood leukocytes, were
measured ex vivo. Total GST activity and adducts of
malondialdehyde with DNA (M(1)G), which reflect
endogenous lipid peroxidation, were measured in colon
mucosa, liver and blood leukocytes. Curcumin and its
metabolites were analyzed by HPLC in plasma and its
pharmacokinetics were compared following a diet containing
2% curcumin versus intragastric (i.g.) administration of
curcumin suspended in an amphiphilic solvent. The curcumin
diet did not alter any of the markers in the blood but
increased hepatic GST by 16% and decreased colon M(1)G
levels by 36% when compared with controls. Administration
of carbon tetrachloride during the treatment period increased
colon M(1)G levels, and this increase was prevented by
dietary curcumin. Dietary curcumin yielded low drug levels in
the plasma, between 0 and 12 nM, whereas tissue con-
centrations of curcumin in liver and colon mucosa were
0.1-0.9 nmol/g and 0.2-1.8 umol/g, respectively. In comparison
with dietary administration, suspended curcumin given ig.
resulted in more curcumin in the plasma but much less in the
colon mucosa. The results show that curcumin mixed with the
diet achieves drug levels in the colon and liver sufficient to
explain the pharmacological activities observed and suggest
that this mode of administration may be preferable for the
chemoprevention of colon cancer.

B2A2: Studies in humans: Animal studies have revealed that
curcumin has poor bioavailability due to its rapid metabolism
in the liver and intestinal wall. Therefore, Shoba et al. exa-
mined the effect of combining piperine, a known inhibitor of
hepatic and intestinal glucuronidation, on the bioavailability
of curcumin in rats and healthy human volunteers (261).
When curcumin was given alone, in the dose 2 g/kg to rats,
moderate serum concentrations were achieved over a period
of 4 hours. Concomitant administration of piperine 20 mg/kg
increased the serum concentration of curcumin for a short
period of 1 - 2 hours. The time to maximum concentration
was significantly increased (p < 0.02), while elimination half-
life and clearance significantly decreased (p < 0.02), and the
bioavailability was increased by 154%. On the other hand in
humans after a dose of 2 g curcumin alone, serum levels were
either undetectable or very low. Concomitant administration
of piperine 20 mg produced much higher concentrations from
0.25 to 1 hour (p < 0.01 at 0.25 and 0.5 hour; p < 0.001 at 1
hour), and the increase in bioavailability was 2000%.
Investigators did not observe any adverse effect. The study
showed that in the dosages used, piperine enhances the serum
concentration, extent of absorption and bioavailability of
curcumin in both rats and humans with no adverse effects.
The systemic bioavailability of curcumin is low, so that its
pharmacological activity may be mediated, in part, by
curcumin metabolites. To investigate this possibility, Ireson et
al. compared curcumin metabolism in human and rat
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hepatocytes in suspension with that in rats in vivo (271).
Analysis by HPLC with detection at 420 and 280 nm
permitted characterization of metabolites with intact
diferoylmethane structure and increased saturation of the
heptatrienone chain. Chromatographic inferences were
corroborated by mass spectrometry. The major metabolites in
suspensions of human and rat hepatocytes were identified as
hexahydrocurcumin and hexahydrocurcuminol. In rats, in
vivo, curcumin administered iv. (40 mg/kg) disappeared from
the plasma within 1 hour of dosing. After p.o. administration
(500 mg/kg), the parent drug was present in plasma at levels
near the detection limit. The major products of curcumin
biotransformation identified in rat plasma were curcumin
glucuronide and curcumin sulfate, whereas hexahydro-
curcumin, hexahydrocurcuminol and hexahydrocurcumin
glucuronide were present in small amounts. To test the
hypothesis that curcumin metabolites resemble their pro-
genitor in that they can inhibit COX2 expression, curcumin
and four of its metabolites at a concentration of 20 uM were
compared in terms of their ability to inhibit phorbol ester-
induced PGE; production in human colonic epithelial cells.
Curcumin reduced PGE; levels to preinduction levels,
whereas tetrahydrocurcumin, previously shown to be a
murine metabolite of curcumin, hexahydrocurcumin and
curcumin sulfate, had only weak PGE; inhibitory activity and
hexahydrocurcuminol was inactive. The results suggest that
(a) the major products of curcumin biotransformation by
hepatocytes occur  only at low abundance in rat plasma after
curcumin administration; and (b) metabolism of curcumin by
reduction or conjugation generates species with reduced
ability to inhibit COX2 expression. Because the gastrointe-
stinal tract seems to be exposed more prominently to
unmetabolized curcumin than any other tissue, the results
supported the clinical evaluation of curcumin as a colorectal
cancer chemopreventive agent.

Indirect evidence suggests that curcumin is metabolized in
the intestinal tract. To investigate this notion further, Ireson
et al. explored curcumin metabolism in subcellular fractions
of human and rat intestinal tissue, compared it with
metabolism in the corresponding hepatic fractions and
studied curcumin metabolism in sifu in intact rat intestinal
sacs (272). Curcumin glucuronide was identified in intestinal
and hepatic microsomes and curcumin sulfate, tetrahydro-
curcumin and hexahydrocurcumin were found as curcumin
metabolites in intestinal and hepatic cytosol from humans and
rats. The extent of curcumin conjugation was much greater in
intestinal fractions from humans 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. Curcumin sulfate
was identified in incubations of curcumin with intact rat gut
sacs. Curcumin was sulfated by human phenol
sulfotransferase isoenzymes SULT1Al and SULTIA3.
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Table IV. Chemopreventive effects of curcumin.

Effects References
Inhibits tumor promotion in mouse skin by TPA (278)
Inhibits TPA-induced increase in mRNA for ODC in mouse epidermis (287)
Inhibits chemical carcinogen-induced stomach and skin tumors in Swiss mice (284)
Inhibits TPA- and UV-B light-induced expression of c-Jun and c-Fos in mouse epidermis (137)
Inhibits TPA-induced tumor promotion by curcumin analogues (293)
Inhibits UV-A induced ODC induction and dermatitis induced by TPA in mouse skin (296)
Inhibits TPA-induced tumor promotion and oxidized DNA bases in mouse epidermis (297)
Inhibits skin carcinogenesis in mice (298)
Inhibits chemical carcinogenesis by curcumin (279)
Protection from fuel smoke condensate-induced DNA damage in human lymphocytes (232)
Reverses aflatoxin-induced liver damage (241)
Inhibits BPDE-induced tumor initiation (281)
Inhibits azoxymethanol-induced colonic epithelial cell proliferation and focal areas of dysplasia (330)
Inhibits azoxymethane-induced aberrant crypt foci formation in the rat colon (286)
Inhibits forestomach, duodenal and colon carcinogenesis in mice (282)
Prevents colon carcinogenesis (291,292)
Prevents 1,2-dimethylhydrazine initiated mouse colon carcinogenesis (304)
Inhibits the promotion/progression stages of colon cancer (306)
Induces genetic reprogramming in pathways of colonic cell maturation (315)
Inhibits PhIP-induced tumour formation in Apc(min) mice (326)
Inhibits GST and MDA-DNA adducts in rat liver and colon mucosa (274)
Prevents Familial Adenomatous Polyposis (275)
Suppresses methyl (acetoxymethyl) nitrosamine-induced hamster oral carcinogenesis (285)
Inhibits 4-nitroquinoline-1-oxide-induced oral carcinogenesis (288)
Inhibits experimental cancer: in forestornach and oral cancer models (289)
Inhibits benzo[a]pyrene-induced forestomach cancer in mice (301)
Inhibits N-nitrosomethylbenzylamine-induced esophageal carcinogenesis in rats. (316)
Prevents N-methyl-N’-nitro-N-nitrosoguanidine and NaCl-induced glandular stomach carcinogenesis (320)
Inhibits azoxymethane-induced colon cancer and DMBA-induced mammary cancer in rats (294)
Inhibits DMBA-induced mammary tumorigenesis and DMBA-DNA adduct formation (295)
Prevents DMBA-induced rat mammary tumorigenesis (300)
Inhibits formation of DMBA-induced mammary tumors and lymphomas/leukemias in Sencar mice. (305)
Inhibits the promotion stage of tumorigenesis of mammary gland in rats irradiated with y-rays (307)
Prevents radiation-induced initiation of mammary tumorigenesis in rats (317,331)
Inhibits DMBA- induced mammary tumorigenesis by dibenzoylmethane, a analogue of curcumin (321)
Inhibits mammary gland proliferation, formation of DMBA-DNA adducts in mammary glands, (324)
and mammary tumorigenesis in Sencar mice by dietary dibenzoylmethane

Inhibits B [a]P plus NNK-induced lung tumorigenesis in A/J mice (311)
Inhibits the initiation stage in a rat multi-organ carcinogenesis model (299)
Retards experimental tumorigenesis and reduction in DNA adducts (302)
Induces glutathione linked detoxification enzymes in rat liver (303)
Inhibits TPA-induced ODC activity. (308)
Structurally related natural diarylheptanoids antagonize tumor promotion (310)
Inhibits aflatoxin B(l) biotransformation (318)
Inhibits B[a]P-induced cytochrome P-450 isozymes (319)
Inhibits diethylnitrosamine-induced murine hepatocarcinogenesis (313)
Inhibits diethylnitrosamine-induced hepatic hyperplasia in rats (314)
Inhibits Pumark against benzo(a)pyrene-induced chromosomal damage in human lymphocytes (290)
Inhibits carcinogen induced c-Ha-ras and c-fos proto-oncogenes expression (322)
Prevents intravesical tumor growth of the MBT-2 tumor cell line following implantation in C3H mice (323)
Suppresses growth of hamster flank organs by topical application (325)
Inhibits Epstein-Barr virus BZLFI transcription in Raji DR-LUC cells (327)
Prevents radiation-induced mammary tumors (328)
Induces GST activity (151)

BPDE, benzo[a]pyrene and 7,12-dimethylbenz[a]anthracene; TPA, 12-O-tetradecanoylphorbol- 13 -acetate; ODC, ornithine decarboxylase, DMBA,
7,12-dimethylbenz[a]anthracene; GST, glutathione S-transferase; MDA, malondialdehyde; PhIP, 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine;
BaP, benzo[a]pyrene; NNK, 4-(methyl-nitrosamino)-I-(3-pyridyl)-l-butanone.
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Equine alcohol dehydrogenase catalyzed the reduction of
curcumin to hexahydrocurcumin. The results show that
curcumin undergoes extensive metabolic conjugation and
reduction in the gastrointestinal tract and that there is more
metabolism in human than in rat intestinal tissue. The
pharmacological implications of the intestinal metabolism of
curcumin should be taken into account in the design of future
chemoprevention trials of this dietary constituent.

B2B. Anticarcinogenic effects of curcumin: Several studies
indicate that curcumin is a potent chemopreventive agent
(137, 151, 232, 274-329). It can suppress both tumor initiation
and tumor promotion (see Table IV). The initiation of tumors
induced by benzo [a] pyrene, 7, 12 dimethylbenz [a]
anthracene ~ (DMBA),  12-O-tetradecanoylphorbol-13-
acetate, azoxymethane, 1, 2  dimethylhydrazine,
dimethylnitrosamine, 2-amino 1-methyl-6-phenylimidazo
[4,5-b]pyridine (PhIP; a human dietary carcinogen), 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), y-
radiation and other carcinogens and tumor promotion
induced by PMA have been shown to be suppressed by
curcumin (137, 278-281, 284-288, 290, 293, 294, 296, 297,
299, 300, 304, 305, 307, 308, 311, 314, 316, 320, 321, 328).
Curcumin is also known to reverse aflatoxin-induced liver
damage and prevent fuel smoke condensate-induced DNA
damage (232, 280). The tumorigenesis of the skin,
mammary gland, oral cavity, forestomach, oesophagus,
stomach, intestine, colon, lung, and liver have been shown
to be suppressed by curcumin (137, 274, 277, 278, 282, 284-
289, 292, 294-296, 299, 303-305, 307, 313, 316, 320, 328).

To explain the anticarcinogenic effects of curcumin on
different tumors, a wide variety of mechanisms have been
implicated, including inhibition of ROI, suppression of
inflammation, down-regulation of ODC, inhibition of cell
proliferation, inhibition of cytochrome P450 isozymes,
induction of GSH, suppression of certain oncogenes (e.g;
cHa-ras, c-jun and c-fos), inhibition of transcription factors
NF-kB and AP-1, suppression of COX2, inhibition of cell
cycle-related proteins (PCNA, cyclin E, p34 cdc2), inhibition
of chromosomal damage, inhibition of oxidation of DNA
bases, inhibition of malondialdehyde DNA adduct formation,
inhibition of tumor implantation, inhibition of protein
tyrosine kinase and protein kinase C activity, inhibition of
biotransformation of carcinogens and induction of GST
activity (137, 232, 274, 282, 286-288, 290, 295, 296, 303, 306,
308, 314, 322, 323). Curcumin has also been shown to
suppress the replication of viruses (such as EBV) which
contribute to tumorigenesis (327).

Although in most studies curcumin was administered in the
diet, some studies employed topical application to tumors,
especially studies of skin tumorigenesis (137, 277, 278, 284,
287, 296, 297). Up to 2% curcumin has been used in the diet
(274, 306). The chemopreventive activity of curcumin was
observed when it was administered prior to, during and after
carcinogen treatment as well as when it was given only during

385

Table V. Proteins/enzymes which physically interact with curcumin.

Protein/enzyme 1Cs0 Reference
Xanthine oxidase (154)
Lipooxygenase (150)
Cyclooxygenase-2 (95)
IkBa kinase (180)
P-Glycoprotein (169,223)
Glutathione S-transferase 1.79-2.29uM  (152)
Protein kinase A (PKA) (147)
Protein kinase C (PKC) (147)
Protamine kinase (cPK) (147)
Phosphorylase kinase (PhK) (147)
Autophosphorylation-activated protein (147)
kinase (AK)
pp60c-src tyrosine kinase (147)
Caz+—dependent protein kinase (CDPK) 41 uM (148)
Ca*"-ATPase of sarcoplasmic (158)
reticulum (SR)

Aryl hydrocarbon receptor (157)
Rat liver cytochrome P450s (P450s) (152)
Topo II isomerase (170)
Inositol 1,4,5- triphosphate receptor 10 um (337)
Glutathione (153)

the promotion/progression phase (starting late in prema-
lignant stage) of colon carcinogenesis (306).

Hecht et al. investigated the chemopreventive effect of
curcumin against lung tumor induction in A/J mice by the
tobacco smoke carcinogens BaP and NNK (311). Treatment
with dietary curcumin (2000 ppm) from 1 week after
carcinogen treatment until termination had no effect on lung
tumor multiplicity. A dose of 500 ppm curcumin could
prevent rat tongue carcinogenesis (288). There are some
reports about the organ specificity of the chemopreventive
effects of curcumin (294). Dietary curcumin had little or no
effect on NNK-induced lung carcinogenesis and DMBA-
induced breast carcinogenesis in mice. Poor circulating
bioavailability of curcumin may account for the lack of lung
and breast carcinogenesis inhibition (297).

Collett et al. investigated the effects of curcumin on
apoptosis and tumorigenesis in male Apc(min) mice treated
with the human dietary carcinogen PhIP (326). The
intestinal epithelial apoptotic index in response to PhIP
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treatment was approximately twice as great in the wild-type
C57BL/6  APC(+/+) strain as in Apc(min) mice. PhIP
promoted tumor formation in Apc(min) proximal small
intestine. Curcumin enhanced PhIP-induced apoptosis and
inhibited PhIP-induced turnorigenesis in the proximal small
intestine of Apc(min) mice.

Mahmoud et al. investigated the effect of curcumin for the
prevention of tumors in C57BL/6J-Min/+ (Min/+) mice
which bear germline mutation in the Apc gene and
spontaneously develop numerous intestinal adenomas by 15
weeks of age (332). At a dietary level of 0.15 %, curcumin
decreased tumor formation in Min/+ mice by 63%.
Examination of intestinal tissue from the treated animals
showed that tumor prevention by curcumin was associated
with increased enterocyte apoptosis and proliferation.
Curcumin also decreased expression of the oncoprotein beta-
catenin in the enterocytes of the Min/+ mouse, an
observation previously associated with an antitumor effect.

Recently, Perkins et al. also examined the preventive effect
of curcumin on the development of adenomas in the intestinal
tract of the C57B1/6J Min/+ mouse, a model of human
familial APC (275). These investigators explored the link
between its chemopreventive potency in the Min/+ mouse
and levels of drug and metabolites in target tissue and plasma.
Mice received dietary curcumin for 15 weeks, after which
adenomas were enumerated. Levels of curcumin and
metabolites were determined by high-performance liquid
chromatography in plasma, tissues and feces of mice after
either long-term ingestion of dietary curcumin or a single
dose of [4C] curcumin (100 mg/kg) via the ip. route.
Whereas curcumin at 0.1 % in the diet was without effect, at
0.2 and 0.5%, it reduced adenoma multiplicity by 39 and 40%,
respectively, compared with untreated mice. Hematocrit
values in untreated Min/+ mice were drastically reduced
compared with those in wild-type C57BI/6]J mice. Dietary
curcumin partially restored the suppressed hematocrit. Traces
of curcumin were detected in the plasma. Differences in its
concentration in the small intestinal mucosa, between 39 and
240 nmol/g of tissue, reflected differences in dietary
concentration. [14C]Curcumin disappeared rapidly from
tissues and plasma within 2-8 hours after dosing. The group
concluded that curcumin may be useful in the chemo-
prevention of human intestinal malignancies related to Apc
mutations. The comparison of dose, resulting curcumin levels
in the intestinal tract, and chemopreventive potency
suggested tentatively that a daily dose of 1.6 g of curcumin is
required for efficacy in humans. A clear advantage of
curcumin over nonsteroidal antiinflammatory drugs is its
ability to decrease intestinal bleeding linked to adenoma
maturation.

B2C: Antitumor effects of curcumin in animals: While there
are numerous studies on the prevention of cancer by
curcumin, there is very little known about the therapeutic
effects of curcumin. Busquets et al. showed that systemic
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administration of curcumin (20 pg/kg body weight) for 6
consecutive days to rats bearing the highly cachectic Yoshida
AH-130 ascites hepatoma inhibited tumor growth (31 % of
total cell number) (333). Dorai et al. examined the efficacy of
curcumin in vivo for suppressing the growth of LNCaP cells as
heterotopically implanted tumors in nude mice (334). The
LNCaP prostate cancer cells were grown, mixed with
Matrigel, and injected subcutaneously into nude mice that
received a synthetic diet containing 2% curcumin for up to 6
weeks. At the end point, sections taken from the excised
tumors were evaluated for pathology, cell proliferation,
apoptosis and vascularity. The results showed that curcumin
markedly decreases the extent of cell proliferation as
measured by the BrdU incorporation assay and a significant
increase in the extent of apoptosis as measured by an in sifu
cell death assay. Moreover, a significant decrease in the
microvessel density as measured by the CD31 antigen staining
was also seen. These results thus suggest that curcumin could
be a therapeutic anti-cancer agent, as it significantly inhibits
prostate cancer growth and has the potential to prevent the
progression of this cancer to its hormone refractory state.

Menon et al. examined the effect of curcumin on lung
metastasis induced by B16F-10 melanoma cells in female
C57BL/6 mice (335). Curcumin significantly inhibited lung
tumor formation (89%) and significantly increased the life
span (144%). Moreover, lung collagen hydroxyproline and
serum sialic acid levels were found to be significantly lower in
treated animals compared to the untreated controls.
Curcumin treatment (10 pg/ml) significantly inhibited the
invasion of B16F-10 melanoma cells across the collagen
matrix of the Boyden chamber. Gelatin Zymographic analysis
of a trypsin-activated B16F-10 melanoma cell sonicate
revealed that curcumin did not have any metalloproteinase
activity. Nor did curcumin treatment inhibit the motility of
B16F-10 melanoma cells across a polycarbonate filter in vitro.
These findings suggest that curcumin inhibits the invasion of
B16F-10 melanoma cells by inhibition of metalloproteinases,
thereby inhibiting lung metastasis.

C. Clinical Studies

Cl. Phase I clinical trials: Sharma et al. investigated the
pharmacodynamics and pharmacokinetics of curcumin in
humans, a dose-escalation pilot study at doses between 440
and 2200 mg/day of Curcuma extracts, containing 36-180 mg
of curcumin (270). Fifteen patients with advanced colorectal
cancer refractory to standard chemotherapies received
Curcuma extract daily for up to 4 months. The activity of GST
and levels of a DNA adduct (M(1)G) formed by malondial-
dehyde, a product of lipid peroxidation and prostaglandin
biosynthesis, were measured in patients’ blood cells. Oral
Curcuma extract was well tolerated and dose-limiting toxicity
was not observed. Neither curcumin nor its metabolites were
detected in blood or urine, but curcumin was recovered from
feces. curcumin sulfate was identified in the feces of one
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patient. Ingestion of 440 mg of Curcuma extract for 29 days
was accompanied by a 59% decrease in lymphocytic GST
activity. At higher dose levels, this effect was not observed.
Leukocytic M(1)G levels were constant within each patient
and unaffected by treatment. Radiologically stable disease
was demonstrated in five patients for 2-4 months of
treatment. The results suggested that (a) Curcuma extract can
be administered safely to patients at doses of up to 2.2 g daily,
equivalent to 180 mg of curcumin; (b) curcumin has low oral
bioavailability in humans and may undergo intestinal
metabolism; and (c) larger clinical trials of Curcuma extract
are merited.

C2. Phase II clinical trials: Cheng et al. investigated the toxi-
cology, pharmacokinetics and biologically effective dose of
curcumin in humans (269). Their prospective phase -I/II
study evaluated the effect of curcumin in patients with one
of the following five high-risk conditions: 1) recently
resected urinary bladder cancer; 2) arsenic Bowen’s disease
of the skin; 3) uterine cervical intraepithelial neoplasm
(CIN); 4) oral leucoplakia; and 5) intestinal metaplasia of
the stomach. Curcumin was given orally for 3 months.
Biopsy of the lesion sites was done immediately before and
3 months after starting curcumin treament. The starting
dose was 500 mg/day. If no toxicity of grade II or higher was
noted in at least 3 successive patients, the dose was then
escalated to another level in the order of 1,000, 2,000,
4,000, 8,000 and 12,000 mg/day. The concentration of
curcumin in serum and urine was determined by HPLC. A
total of 25 patients were enrolled in this study. There was
no treatment-related toxicity up to 8,000 mg/day. Beyond
8,000 mg/day, the bulky volume of the drug was
unacceptable to the patients. The serum concentration of
curcumin usually peaked at 1 to 2 hour after oral intake of
crucumin and gradually declined over the next 12 hours.
The average peak serum concentrations after taking 4,000

mg, 6,000 mg and 8,000 mg of curcumin were
0.51+0.11 uM, 0.63 = 0.06 uM and 1.77 * 1.87 uM,
respectively.  Urinary excretion of curcumin was

undetectable. One of 4 patients with CIN and 1 of 7
patients with oral leucoplakia proceeded to develop frank
malignancies in spite of curcumin treatment. In contrast,
histological improvement of precancerous lesions was seen
in 1 of 2 patients with recently resected bladder cancer, 2 of
7 patients with oral leucoplakia, 1 of 6 patients with
intestinal metaplasia of the stomach, 1 of 4 patients with
CIN and 2 of 6 patients with Bowen’s disease. In
conclusion, this study demonstrated that curcumin is not
toxic to humans up to 8,000 mg/day when taken by mouth
for 3 months. These results also suggested a biological
effect of curcumin in the chemoprevention of cancer.
Curcumin has shown wide-ranging chemopreventive
activity in preclinical carcinogenic models, in which it
inhibits COX2 at the transcriptional level. COX2 has been
implicated in the development of many human cancers.
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Plummer et al. explored the inhibition of COX2 activity as a
systemic biomarker of drug efficacy, a biomarker of
potential use in clinical trials of many chemopreventive
drugs known to inhibit this enzyme (268). They measured
COX2 protein induction and PGE; production in human
blood after incubation with LPS. When 1 uM curcumin was
added in vitro to blood from healthy volunteers, LPS-
induced COX2 protein levels and concomitant PGE;
production were reduced by 24% and 41%, respectively. To
test whether effects on COX2 activity could also be
measured after oral dosing in humans, these workers
conducted a dose escalation pilot study of a standardized
formulation of Curcuma extract in 15 patients with
advanced colorectal cancer. Basal and LPS-mediated PGE;
production was measured in blood, twice before treatment
and on days 1, 2, 8 and 29 of treatment. Analysis of basal
and LPS-induced PGE; production during treatment
demonstrated a trend toward dose-dependent inhibition
(p<0.005 by regression analysis), but there was no
significant  difference compared with values from
pretreatment time- points.

Lal et al. administered curcumin orally to patients
suffering from chronic anterior uveitis (CAU) at a dose of
375 mg three times a day for 12 weeks. Of 53 patients
enrolled, 32 completed the 12-week study (264). They were
divided into two groups: one group of 18 patients received
curcumin alone, whereas the other group of 14 patients,
who had a strong PPD reaction, in addition received
antitubercular treatment. The patients in both the groups
started improving after 2 weeks of treatment. All the
patients who received curcumin alone improved, whereas
the group receiving antitubercular therapy along with
curcumin had a response rate of 86%. Follow-up of all the
patients for the next 3 years indicated a recurrence rate of
55% in the first group and of 36% in the second group.
Four of 18 (22%) patients in the first group and 3 of 14
patients (21%) in the second group lost their vision in the
follow-up period due to various complications in the eyes,
e.g. vitritis, macular edema, central venous block, cataract
formation and glaucomatous optic nerve damage. None of
the patients reported any side-effect of the drug. The
efficacy of curcumin and recurrences following treatment
are comparable to corticosteroid therapy, which is presently
the only available standard treatment for this disease. The
lack of side-effects with curcumin is its greatest advantage
compared with cortico steroids.

Curcumin has also been used for the treatment of
patients suffering from idiopathic inflammatory orbital
pseudotumors (267). curcumin was administered orally at a
dose of 375 mg/3 times/day orally for a period of 6-22
months in eight patients. They were followed-up for a
period of 2 years at 3-month intervals. Five patients
completed the study, of which four recovered completely
and one experienced some persistent limitation of
movement but the swelling regressed completely. No side-
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effect was noted in any patient and there was no recurrence.
The study suggests that curcumin could be used as a safe
and effective drug in the treatment of idiopathic
inflammatory orbital pseudotumors.

C3. Epidemiological correlates of curcumin. It has been
documented that cancer of the colon, breast, prostate and
lung, while most common in the United States, is not as
prevalent in countries such as India where curcumin is
frequently consumed (336). Mohandas et al. examined the
epidemiology of digestive tract cancers within India (263).
They found a low incidence of large bowel cancers in Indians
and attributed this to high intake of starch and the presence
of natural antioxidants such as curcumin in Indian cooking.
The role of hereditary factors has been evaluated in a few
studies. Some studies have reported the occurrence of both
FAP and HNPCC in India. Adenoma is rare in elderly
Indians undergoing colonoscopy, even in those with large
bowel cancers. They also reported that small bowel cancers
are extremely rare in India. In conclusion, the incidence of
large and small bowel adenomas and cancers is low in
Indians. An increase in the incidence of large bowel cancers
in immigrants and urban Indians compared to rural
populations supports a role for environmental risk factors
including diet.

Conclusion

From numerous studies as described above, it is quite apparent
that curcumin has tremendous potential for prevention and
therapy of various cancers. Several cellular proteins have been
identified with which curcumin directly interacts (see Table V).
One of the major problem with curcumin is its rapid clearance
from the body. Whether rapid clearance is a disadvantage or an
advantage is not clear at present. In spite of it, whether
administered orally, ip., or systemically, curcumin appears to
have biological effects both in animals and humans. No natural
agent has yet been described which modulates so many signal
transduction pathways as curcumin does. Is that to our
disadvantage? Probably not. Most cancer biologists are of the
opinion that tumor cells use multiple pathways to escape host-
defense mechanisms. Thus the drug which is specific for
inhibition of one signal transduction pathway in the tumor cell
may not be adequate. Finding a drug that attacks multiple
pathways and yet is pharmacologically safe is difficult.
Curcumin, however, is one such drug that meets this criterion.
The inability to patent curcumin, because of its natural
occurance and well-established, long history of dietary use,
prevents the involvement of pharmaceutical industry to
examine this drug closely as a therapeutic or preventive agent.
The structure of curcumin can serve as lead compound for the
design of a better molecule that is also patentable. It is our
hope that other nonprofit organizations see the value in this
compound and provide the kind of evidence needed to help
cancer patients.
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