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Abstract. Curcumin is the active ingredient in the
traditional herbal remedy and dietary spice turmeric
(Curcuma longa). Curcumin has a surprisingly wide
range of beneficial properties, including anti-inflam-
matory, antioxidant, chemopreventive and chemo-
therapeutic activity. The pleiotropic activities of
curcumin derive from its complex chemistry as well
as its ability to influence multiple signaling pathways,
including survival pathways such as those regulated by
NF-kB, Akt, and growth factors; cytoprotective path-
ways dependent on Nrf2; and metastatic and angio-

genic pathways. Curcumin is a free radical scavenger
and hydrogen donor, and exhibits both pro- and
antioxidant activity. It also binds metals, particularly
iron and copper, and can function as an iron chelator.
Curcumin is remarkably non-toxic and exhibits lim-
ited bioavailability. Curcumin exhibits great promise
as a therapeutic agent, and is currently in human
clinical trials for a variety of conditions, including
multiplemyeloma, pancreatic cancer,myelodysplastic
syndromes, colon cancer, psoriasis and Alzheimer�s
disease.
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History and traditional uses of curcumin

The polyphenol curcumin is the active ingredient in
the herbal remedy and dietary spice turmeric (Curcu-
ma longa Linn). This vibrant yellow spice, derived
from the rhizome of the plant (Fig. 1) [1], has a long
history of use in traditional medicines of China and
India [2]. The rhizome of turmeric has been crushed
into a powder and used in Asian cookery, medicine,
cosmetics, and fabric dying for more than 2000 years
[2]. Early European explorers to the Asian continent
introduced this important spice to the Western world
in the 14th century [3].

Use of curcumin as a folk remedy continues today. As
part of the ancient Indianmedical system,Ayurveda, a
poultice of turmeric paste is used to treat common eye
infections, and to dress wounds, treat bites, burns, acne
and various skin diseases [4]. The American pharma-
ceutical company Johnson & Johnson even makes
turmeric Band-Aids� for the Indian market [5]. In
Northern India, women are given a tonic of fresh
turmeric paste with powder of dried ginger roots and
honey in a glass of hot milk to drink twice daily after
childbirth. A poultice of turmeric is also applied to the
perineum to aid in the healing of any lacerations in the
birth canal [6]. Powdered turmeric is takenwith boiled
milk to cure cough and related respiratory ailments
[4], and roasted turmeric is an ingredient used as an
antidysenteric for children [4]. This ancient remedy is* Corresponding author.

Cell.Mol. Life Sci.
DOI 10.1007/s00018-008-7452-4
�Birkh�user Verlag, Basel, 2008

Cellular and Molecular Life Sciences

http://www.birkhauser.ch/CMLS


also used to treat dental diseases, digestive disorders
such as dyspepsia and acidity, indigestion, flatulence,
ulcers, as well to alleviate the hallucinatory effects of
hashish and other psychotropic drugs [7]. In food and
manufacturing, curcumin is currently used in per-
fumes and as a natural yellow coloring agent, as well as
an approved food additive to flavor various types of
curries and mustards [7, 8].
Recent emphasis on the use of natural and comple-
mentarymedicines inWesternmedicine has drawn the
attention of the scientific community to this ancient
remedy. Research has revealed that curcumin has a
surprisingly wide range of beneficial properties,
including anti-inflammatory, antioxidant, chemopre-
ventive and chemotherapeutic activity. These activ-
ities have been demonstrated both in cultured cells
and in animal models, and have paved the way for
ongoing human clinical trials. Studies documenting
the activities of curcumin, its mechanisms of action,
and its chemical and clinical features are summarized
in this review. Given the explosive growth of interest
in curcumin and the extensive literature that has
developed on this topic, reports cited in this review
should be considered as illustrative rather than
comprehensive.

Activities of curcumin

Anti-inflammatory and antioxidant activities of

curcumin

Many of the activities associated with curcumin relate
to its ability to suppress acute and chronic inflamma-
tion [8]. In vitro studies have shown that curcumin
inhibits lipo-oxygenase and cyclo-oxygenase activities
in phorbol 12-myristate 13-acetate (PMA)-induced
inflammation of mouse fibroblast cells [9], xanthine
oxygenase activities in NIH3T3 cells [10], nitric oxide
production in RAW264.7 murine macrophages [11,
12], and reactive oxygen species (ROS) generation in
activated rat peritoneal macrophages [13]. Curcumin
also inhibits the production of pro-inflammatory
monocyte/macrophage-derived cytokines [interleu-
kin-8 (IL-8), monocyte inflammatory protein-1
(MIP-1), monocyte chemotactic protein-1 (MCP-1),
interleukin-1b (IL-1b), and tumor necrosis factor-a
(TNF- a)] in PMA- or LPS-stimulated peripheral
blood monocytes and alveolar macrophages [14]. A
recent study revealed that oxidative stimulation of G
proteins in humanbrainmembranes bymetabolic pro-
oxidants, homocysteine and hydrogen peroxide, can
be significantly depressed by curcumin [15]. Curcu-
min was shown to inhibit lipid peroxidation in a rat
livermicrosome preparation [16] as well as in rat brain
homogenates, where curcuminoids actually exhibited
more potent antioxidant activity than alpha-tocopher-
ol [17].
In vivo studies have also demonstrated an inhibitory
effect of curcumin on inflammation. For example,
curcumin inhibited inflammation induced by carra-
geenan [18, 19] and acute lung injury induced by
cyclophosphamide [20]. In rats, curcumin had com-
parable activity to phenylbutazone, a commonly used
anti-inflammatory agent [18]. Further, whereas phe-
nylbutazone produced a significant leukopenia and
lymphyocytopenia, curcumin did not [18]. Rats that
were fed curcumin for 7 days prior to being treated
with cyclophosphamide to induce lung injury, exhib-
ited an increase in antioxidant defense mechanisms
[20]. Topical application of curcumin markedly in-
hibited TPA- and arachidonic acid-induced epidermal
inflammation (ear edema) in mice [21]. Thus, curcu-
min exhibits substantial antioxidant properties in a
wide variety of experimental settings.

Chemopreventive, chemotherapeutic, and

chemosensitizing activity of curcumin

Curcumin inhibits cancer development and progres-
sion, targeting multiple steps in the pathway to
malignancy (Fig. 2). Curcumin has activity as both a
blocking agent, inhibiting the initiation step of cancer
by preventing carcinogen activation, and as a sup-Figure 1. Curcuma longa (from Koehler�s Medicinal-Plants).

2 H. Hatcher et al. A critical review of curcumin



pressing agent, inhibiting malignant cell proliferation
during promotion and progression of carcinogenesis
[22]. Several animal studies have shown that curcumin
has a dose-dependent chemopreventive effect in
colon, duodenal, stomach, esophageal and oral carci-
nogenesis [23]. Curcumin reduces tumors induced by
benz(a)pyrene and 7,12 dimethyl benz(a)anthracene
[24–26], tumor promotion induced by phorbol esters
on mouse skin [27], carcinogen-induced tumorigene-
sis in the forestomach, and N-ethyl-N�-nitro-N-nitro-
soguanidine-induced duodenal tumors [28]. Curcu-
min not only reduced the number of tumors permouse
and the percentage of mice with tumors, but also
reduced tumor size in forestomach and intestine [28].
Further studies demonstrated that curcumin inhibits
cancer development in rat stomach initiated by N-
methyl-N�-nitro-N-nitrosoguanisine (MNNG) [29]
and reduces the incidence and/or multiplicity of
esophageal tumors and preneoplastic lesions in rats
with N-nitrosomethylbenzylamine-induced esopha-
geal carcinogenesis [30]. Dietary curcumin signifi-
cantly suppressed azoxymethane-induced colonic pre-
neoplastic lesions and colon tumor incidence and
tumor multiplicity [31]. Additionally, a marked pre-
ventive effect of curcumin on diethylstilbestrol
(DES)-dependent promotion in radiation-initiated
mammary tumorigenesis in rats was demonstrated
[32, 33]. Curcumin was an effective cytotoxic agent
against the mouse bladder tumor line MBT-2 and the
UMUChuman bladder tumor cell line, and effectively
inhibited implantation and growth of bladder tumor
cells in C3H mice [34].
In addition to its preventive activity against chemi-
cally induced tumors, orally administered curcumin
has potent preventive activity during tumor promo-

tion in radiation-initiated mammary tumorigenesis
[32, 33]. In two separate studies, female Wistar-MS
rats received whole body irradiation at day 20 of
pregnancy. The animals were implanted with a DES
(diethylstilbestrol) sustained release pellet at 1 month
after weaning, a mammary tumor promoter regimen.
In the first study, the experimental groupwas fed a diet
containing 1% curcumin immediately after termina-
tion of nursing for 12 months [32]. Rats fed curcumin
were shown to have significantly decreased incidence
of total mammary tumors over a 1-year period (28%)
compared to control (84.6%) (p<0.0001), and the
number of mammary tumors/tumor-bearing rat in the
curcumin-fed group was half of that in the rats fed the
control diet. Overall, the administration of curcumin
together with DES implantation in the irradiated rats
significantly decreased the cumulative incidence
curve (p<0.0001) of mammary tumors for the 1-year
period, compared with the control group [32]. In the
second study by the same investigators, Wistar-MS
rats were only fed the curcumin diet between day 11 of
pregnancy and parturition (day 23 of pregnancy) [33].
Again, the number of mammary tumors significantly
decreased (p<0.0001) from 70.3% in the control
group to 18.5% in the curcumin-fed group. Both
studies showed that the appearance of the first
palpable tumors was delayed ~2.5 months in the
curcumin-fed group [32, 33]. Compared to rats fed
the control diet, body weight was significantly de-
creased in the rats fed the curcumin diet, in spite of
similar intake of diet throughout the experiment [32,
33]. While not a toxic action of curcumin, the
reduction in body weight is likely due a decreased
concentration of serum triglycerides [32]. Curcumin
was not shown to have adverse effects on fetuses or

Figure 2. Stages in tumor pro-
gression inhibited by curcumin.
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dams, and the results suggest the possibility of clinical
application of curcumin in radiation therapy to
prevent mammary tumors.
In addition to a role as a chemopreventive and
chemotherapeutic agent, curcumin may also function
as a chemosensitizer, enhancing the activity of other
anti-neoplastic agents, in part by inhibiting pathways
that lead to treatment resistance [35]. In vitro,
curcumin inhibited the Fanconi anemia (FA)/BRCA
pathway, a DNA-damage response pathway required
for repair of cisplatin cross-links, in ovarian tumor
lines andMCF7 breast tumor cell lines. This sensitized
these cell lines to cisplatin through apoptotic cell
death [36]. Moreover, curcumin had no effect on the
dose-dependent paclitaxel cytotoxicity profile of
these cells, indicating that curcumin seems to specif-
ically sensitize cells to cisplatin-mediated DNA dam-
age rather than microtubular damage [36]. Addition-
ally, curcumin sensitized LNCaP, DU145 and PC3
tumor cell lines to the death ligand TRAIL (TNF-
related apoptosis inducing ligand) [37]. Cells treated
with low concentrations of curcumin (10–30 mM) or
low concentration of TRAIL (20 ng/ml) did not
induce appreciable cell death; however, combined
treatment with subtoxic concentration of each agent
(10–40 mM curcumin and 20 ng/ml TRAIL) for 48 h
reduced viability of each cell line [37]. Additionally,
subtoxic concentrations of curcumin sensitize human
renal cancer cells to TRAIL-mediated apoptosis [38].
Results from this study demonstrated a critical role of
curcumin-induced ROS in mediating the up-regula-
tion of death receptor 5 (DR5) to render cells more
sensitive to the cytotoxic activities of TRAIL [38]. An
earlier study showed that curcumin potentiated the
cytotoxic effects of several common chemotherapeu-
tic agents in prostate cancer cells, PC3 and DU145, by
inducing p21WAF1/CIP1 and CCAAT enhancer binding
protein beta (C/EBPb) expressions and suppressing
NF-kB activation [39]. Pretreatment with curcumin
(10 mM) caused a time-dependent inhibition of dox-
orubicin-induced NF-kB activity in the hepatocellular
carcinoma (HCC) cell line Hep-3B [40]. In other in
vitro studies, the presence of curcumin enhanced the
cytotoxic effects of chemotherapeutic drugs, including
doxorubicin [41], tamoxifen [42], cisplatin and camp-
tothecin, daunorubicin, vincristine (VCR) and mel-
phalan [43]. The human multiple myeloma (MM) cell
line, U266, was least sensitive to VCR, but the
presence of curcumin enhanced cytotoxicity from
below 10% to greater than 70% [43]. Pretreatment
with 5 mM curcumin dramatically lowered the con-
centration of paclitaxel required to induce a cytotoxic
response in the human cervical cancer cell line HeLa
[44]. The authors of this study further demonstrated
that curcumin pretreatment augmentsmembrane flip-

flop, caspase activation, PARP cleavage, and cyto-
chrome c release by paclitaxel [44]. Furthermore,
when pretreated with 20 mM curcumin, the HCC cell
line, HA22T/VGH, which constitutively expresses
activated NF-kB, was sensitized to the antitumor and
apoptotic effects of cisplatin through changes in the
levels of NF-kB as well as decreased expression of
�inhibitory of apoptosis� proteins (IAPs) [45]. Addi-
tionally, curcumin treatment of dexamethasone-re-
sistant MM.1R cells enhanced the cytotoxic effects of
both chemotherapeutic agents on these chemoresist-
ant cells [43]. A multidrug-resistant (MDR) cervical
carcinoma cell line (KB-V1) and a drug-sensitive
cervical carcinoma cell line (KB-3–1), which over-
express the drug export protein Pgp (p-glycoprotein),
showed enhanced sensitivity to vinblastine-induced
cytotoxicity because curcumin inhibited Pgp efflux
activity [46] andMDR-1 gene expression [47]. Curcu-
min, at concentrations of 5.0 mmol/l, 10.0 mmol/l and
20.0 mmol/l, was able to decrease the IC50 of VCR in
VCR-resistant gastric cancer SGC7901/VCR cells in a
dose-dependent manner, suggesting that curcumin is
able to reverse MDR in these cells [48]. Similarly,
curcumin (50 mM) induced cell death in MDR
CEM(P-gp4) and LoVo(P-gp4) cells in the absence
of caspase-3 activation [49]. Recently, chemosensiti-
zation by curcumin has also been further demonstrat-
ed in vivo. Curcumin dissolved in cottonseed oil given
by gavage at doses of 5 mg/day, 5 days per week for
4 weeks inhibited the growth of PC3 xenografts in
nude mice by 50% compared to controls; moreover,
curcumin enhanced the antitumor effects of gemcita-
bine and radiation [50]. Analysis of the tumors
revealed reduced expression of murine double minute
2 (MDM2), a major ubiquitin E3 ligase of p53, in
xenografts treated with curcumin alone [50]. Thus,
curcumin may provide an effective therapy for treat-
ing many chemoresistant and MDR cancers.

Radiosensitization and radioprotection

An interesting aspect of curcumin�s activity is the
ability to exert both radioprotective effects in normal
cells and radiosensitizing effects in cancer cells (see
[51] for recent review). Although the mechanism(s)
enabling curcumin to exerts these opposing effects are
not entirely understood, it has been suggested that
curcumin�s ability to reduce oxidative stress and
inhibit transcription of genes related to oxidative
stress and inflammatory responses may afford protec-
tion against the harmful effects of radiation, whereas
the radiosensitizing activity might be due the up-
regulation of genes responsible for cell death [51].
Curcumin at 2 and 4 mM concentrations in combina-
tionwith radiation showed significant enhancement to
radiation-induced clonogenic inhibition and apoptosis
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in the prostate cancer cell line PC3 [52]. Radiation
induces pro-survival factors such as increased NF-kB
activity and up-regulation of Bcl-2 in PC3 cells;
however, curcumin treatment in combination with
radiation showed inhibition of TNF-a-mediated
NF-kB activity, resulting in down-regulation of Bcl-2
[52]. Additionally, results from this same study
showed significant activation of cytochrome c and
concurrent increase in caspase-9, which confirmed the
involvement of the mitochondrial pathway of apop-
tosis following curcumin treatment to enhance the
radiation-induced sensitivity in PC3 cells [52]. In
another study, PC3 cells were exposed to 0 or 15 mmol/
l curcumin for 24 h followed by exposure to 10 Gy g-
irradiation [50]. Radiation-induced increase of
MDM2 was blocked by curcumin; furthermore,
when control PC3 cells and PC3 cells with MDM2
knockdown or overexpression were exposed to cur-
cumin (5 mmol/l) for 24 h then irradiated with varying
doses of radiation (0, 5, or 10 Gy) decreased viability
was seen compared to radiation alone [50].

Effect of curcumin on the tumor microenvironment:

Inhibition of angiogenesis and metastasis

Angiogenesis, a fundamental process by which new
blood vessels are formed from existing vessels, is
essential in reproduction, development, and wound
repair [53]. Tumor growth and metastasis are depend-
ent upon the formation of new blood vessels to sustain
growth and to allow tumor cells to enter the circulation
andmetastasize todistant sites [53].Curcuminhasbeen
shown to interfere with many of the processes involved
in angiogenesis [54]. Early studies demonstrated that
curcumin inhibits fibroblast growth factor (FGF)-
induced neovascularization [54–56]. The angiogenic
ligands vascular endothelial growth factor (VEGF) and
angiopoietin 1 and 2,which act in a coordinated fashion
in angiogenesis, were inhibited by curcumin in Ehrlich
ascites tumor (EAT) cells, and VEGFand angiopoietin
1 gene expression were inhibited in NIH3T3 cells [56].
Moreover, the same study showed that curcumin had
an inhibitory effect (in vitro) on the angiogenic receptor
kinase-insert domain receptor (KDR) on human um-
bilical vein endothelial cells (HUVECs) [56]. Addi-
tional effects of curcumin on angiogenesis and meta-
stasis may be mediated by its ability to regulate cell
adhesion molecules such as intracellular adhesion
molecule-1 (ICAM-1), vascular cell adhesion mole-
cule-1 (VCAM-1), and endothelial leukocyte adhesion
molecule-1 (ELAM-1), cell surfaceproteins involved in
tumor metastasis [57]. Thus, curcumin completely
blocked the adhesion of monocytes to endothelial
cells as well as the cell surface expression of ICAM-1,
VCAM-1, and ELAM-1 [58].

Curcumin inhibits proteinases involved in extracellu-
lar matrix (ECM) remodeling [57]. The urokinase
plasminogen activator system (uPA) affects the migra-
tion of endothelial cells through the regulation of
several angiogenic factors, such as basic FGF, trans-
forming growth factor (TGF), TNF, hepatocyte growth
factor (HGF), and VEGF [57]. Curcumin inhibited
TGF-b-mediated induction of uPA in transformed
keratinocytes, resulting in a reduction in cell migration
and invasiveness [59]. Curcumin also modulates ma-
trix metalloproteinases (MMPs), which regulate en-
dothelial cell attachment and migration [60]. In
addition, curcumin was shown to inhibit cellular
migration and invasion of the highly invasive SK-
Hep-1 cell line of human HCC, and this effect was
associated with curcumin�s inhibitory action onMMP-
9 secretion [61]. In vivo, curcumin inhibits metastases
of B16F-10melanoma cells inmice [62]; this inhibition
may be due to the inhibition of metalloproteinases
[63].

Curcumin as a signaling molecule

The pleiotropic activities of curcumin are likely linked
to its ability to influence multiple signaling pathways
(Fig. 2) as well as to its complex chemical properties
(discussed in the following section). Among signaling
pathways affected by curcumin are key survival
pathways regulated by NF-kB and Akt, as well as
cytoprotective pathways dependent on Nrf2.

Inhibition of NF-kB by curcumin

Curcumin modulates numerous targets including the
transcription factor NF-kB and NF-kB-regulated
gene products such as cyclo-oxygenase-2 (COX-2),
cyclinD1, adhesionmolecules,MMPs, inducible nitric
oxide synthase, Bcl-2, Bcl-XL and TNF [8]. NF-kB
plays a critical role in signal transduction pathways
involved in chronic and acute inflammatory diseases
and various cancers [64–67]. The NF-kB proteins
reside in the cytoplasm in an inactive state, but they
are translocated to the nucleus upon activation, which
requires activation of various kinases and the phos-
phorylation and degradation of IkB, the NF-kB
cytoplasmic inhibitor [68]. Curcumin was shown to
inhibit TNF-dependent NF-kB activation in human
myeloidML-1a cells [69], as well as activation induced
by various other agents including phorbol ester and
hydrogen peroxide. The effect of curcumin was not
due to any chemical modification of NF-kB proteins.
As all three inducers of NF-kB used in this study are
known to produce reactive oxygen intermediates
(ROI), curcumin may exert its effect by quenching
of ROI [69]. Curcumin was further shown to abolish
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the phosphorylation and degradation of IkB induced
by TNF, indicating that the step in the signal trans-
duction pathway of NF-kB activation inhibited by this
agent coincides with or precedes the phosphorylation
step of NF-kB [69]. Another study concluded that the
inhibitory effect of curcumin is through the IkB/NF-kB
system in intestinal epithelial cells of rat and human
origin, including IEC-6, HT-29, and Caco-2 [68].
Curcumin was shown to have an anti-metastatic role
through the inhibition of NF-kB in the highly invasive
and metastatic breast cancer cell line MDA-MB-231
[70]. At a concentration of 25 mM, curcumin treat-
ment reduced the viability and induced apoptosis in
MDA-MB-231 cells via disruption of the NF-kB
activation pathway as a consequence of diminished
IkB and p65 phosphorylation [70]. Similar observa-
tions were reported for U937 (human myeloid leuke-
mia) and A293 (human embryonic kidney) cells
treated with curcumin [71]. The inhibition by curcu-
min of the transcription factors NF-kB and activator
protein-1 (AP-1) resulted in concomitant reduction in
MMP expression [70]. Since enhanced production of
MMPs is associated with aggressive tumor growth, a
highermetastatic potential, and poor clinical outcome
of malignant tumors [72–75], NF-kB inhibition is
likely to contribute to the chemopreventive and
chemotherapeutic activity of curcumin.

Downstream of NF-kB: Inhibition of COX-2

COX-2, the inducible form of COX, predominates at
inflammatory sites [76], and several lines of evidence
indicate a critical role of COX-2 in tumor promotion
[77–79]. For decades, it has been known that curcu-
min can inhibit COX activity in rat peritoneal and
human platelets [80]. Furthermore, the addition of
curcumin to homogenates of mouse epidermis inhib-
ited the metabolism of arachidonic acid to 5-hydrox-
yeicosatetraenoic acid (5-HETE), of arachidonic acid
to 8-HETE, and of arachidonic acid to prostaglandin
(PG) E2, PGF2 alpha, and PGD2 [21]. COX-2 is
selectively overexpressed in colon carcinogenesis
[81]; moreover, pharmacological inhibition of COX-
2 has been shown to protect against development of
colonic tumors in mice [82, 83]. Treatment with
curcumin suppressed chenodeoxycholate (CD)- or
phorbol ester (PMA)-mediated induction of COX-2
protein and synthesis of PGE2 in several gastro-
intestinal cell lines [84]. In human colon epithelial
cells, curcumin was shown to inhibit COX-2 induction
by the colon tumor promoters TNF or fecapentaene-
12 through the inhibition of NF-kB [85]. While non-
steroidal anti-inflammatory agents (NSAIDs) directly
inhibit COX-2 activity [86], chronic administration
causes serious side effects [87]. Therefore, given its
long history of consumption without adverse health

effects, curcumin could be an important alternative for
chemoprevention of colon cancer [85].

Downstream of NF-kB: Inhibition of cyclin D1

Cyclins are themajor control switches of the cell cycle,
and cyclin D1, a component subunit of cyclin-depend-
ent kinase CDK4/6, is a critical target of proliferative
signals inG1 phase of the cell cycle [88]. CyclinD1 is a
proto-oncogene that is overexpressed as a result of
gene amplification or translocation in many cancers
[89]. Curcumin is a potent inhibitor of cyclin D1
expression through both transcriptional and post-
transcriptionalmechanisms [43, 89]. Curcumin targets
cyclin D1 through multiple pathways, including
NF-kB. Expression of cyclin D1 was down-regulated
due to the suppression of NF-kB activity by curcumin,
resulting in the decreased formation of the cyclin D1/
Cdk4 holoenzyme complex and the subsequent sup-
pression of proliferation and induction of apoptosis in
humanMM [43]. Additionally, curcumin was found to
induce G0/G1 and/or G2/M phase cell cycle arrest in
HUVECs along with up-regulation of CDK inhibitors
(CDKIs) and slight down-regulation of cyclin B1 and
cdc2 [90]. Proliferation of prostate and breast cancer
cells in culture was blocked by curcumin and corre-
lated with the down-regulated expression of cyclin D1
protein [89]. The suppression of cyclin D1 by curcu-
min led to inhibition of CDK4-mediated phosphor-
ylation of retinoblastoma protein and blocked cell
cycle progression from G1 to S phase [89]. Using rat
hepatic stellate cells (HSCs), which are used to model
chronic liver disease, the cyclin D1 gene was signifi-
cantly down-regulated by curcumin treatment
through the activation of peroxisome proliferator-
activated receptor g (PPARg), which in turn inhibited
HSCs proliferation [91].

Downstream of NF-kB: Suppression of Bcl-2 and

Bcl-XL

Bcl-2 and Bcl-XL are anti-apoptotic proteins that are
regulated by NF-kB [92], and suppression of these
proteins is linked to apoptosis. Curcumin induces
apoptosis in various cancer cell lines including acute
myeloblastic leukemia (HL-60), chronic myelogenic
leukemia (K-562), breast adenocarcinoma (MCF-7),
cervical epithelial carcinoma [93] and (PC3) prostate
cancer [94]. Curcumin induces apoptosis via mito-
chondrial pathway involving caspase-8, BID cleavage,
cytochrome c release, and caspase-3 activation [95].
Curcumin induced apoptosis in human MM cells [43]
and human mantle cell lymphoma (MCL), an aggres-
sive B cell non-Hodgkin�s lymphoma by suppressing
the constitutive expression of Bcl-2 and Bcl-XL [96].
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Downstream of NF-kB: Inhibition of cytokines

Blockade of NF-kB may contribute to curcumin-
dependent inhibition of cytokines and their down-
stream actions. Cytokines inhibited by curcumin
include IL-1, -2, -6, -8, and -12 [97–100], TNF [97,
99–101], and interferon-g (IFN-g) [100].

Inhibition of Akt by curcumin

In addition to inhibitingNF-kB, curcumin also inhibits
the pro-survival kinase Akt. Akt is a protein kinase
that promotes cell survival by inhibiting apoptosis, in
part through phosphorylation of Bad [102]. Akt is
activated by phosphorylation [103, 104]. In human
renal carcinoma cells (Caki), curcumin-induced apop-
tosis was associated with inhibition of Akt activity
[105]. The expression and phosphorylation of Akt in
Caki cells were significantly decreased in response to
curcumin (75 mM) [105]. Treatment with an antiox-
idant, N-acetyl-cysteine (NAC), inhibited curcumin-
induced apoptosis and prevented the release of
cytochrome c from the mitochondria, suggesting a
role for ROS in this process [105].

Effects of curcumin on tumor suppressor p53

The tumor suppressor and transcription factor, p53, is
a critical regulator in many cellular processes includ-
ing cell signal transduction, cellular response toDNA-
damage, genomic stability, cell cycle control, and
apoptosis [106]. p53, which mediates apoptosis under
many stress conditions, and its downstream targets,
p21waf1/cip1 and growth arrest and DNA damage-
inducible gene 45, are overexpressed during curcu-
min-induced apoptosis in a human basal cell carcino-
ma [107]; and p53 and c-myc were up-regulated in a
human hepatoblastoma cell line after curcumin treat-
ment [108]. In human breast cancer cells, curcumin
induced apoptosis through p53-dependent Bax induc-
tion [109, 110]. Curcumin was found to up-regulate
cyclin-dependent kinase inhibitors (CDKIs),
p21WAF1/CIP1, p27KIP1, and p53 in immortalized
HUVECs (ECV304) [90]. In other studies, however,
p53 was decreased, with a concomitant increase of the
heat-shock protein 70, HSP70, after curcumin treat-
ment in colorectal carcinoma cells [111, 112]. Curcu-
min caused the growth arrest and apoptosis of BKS-2
immature B cell lymphoma by down-regulation of
growth and survival promoting genes (egr-1, c-myc,

Bcl-XL, and NF-kB) as well as p53 [113]. Curcumin
caused cell death in a p53-independent manner in
eightmelanoma cell lines, fourwithwild-type and four
with mutant p53 [114]. Therefore, the role of p53
tumor suppressor in curcumin-induced apoptosis
appears to be tissue specific [114].

Induction of phase II enzymes by curcumin

In addition to inhibiting NF-kB, Akt, and other
pathways important to tumor cell survival, curcumin
also exerts a cytoprotective effect on non-cancer cells
through the transcriptional induction of phase II
enzymes. This latter effect may be critical to its
chemopreventive activity. Phase II enzymes protect
cells from stress by detoxifying carcinogens or reduc-
ing oxidant stress [115]. Curcumin has been shown to
elevate activities of phase II enzymes such as gluta-
thione transferases [116], NAD(P)H:quinone reduc-
tase (QR) [117], and hemeoxygenase [118, 119], while
inhibiting procarcinogen activating phase I enzymes,
such as cytochrome P4501A1 [120]. Curcumin has
been further been shown to increase levels of gluta-
thione (GSH), an important antioxidant [121]. Low-
dose exposure of curcumin led to an adaptive re-
sponse, with both an immediate increase in GSH, and
the ability to rapidly generate more glutathione [121].
Effects of curcumin were attributable to its ability to
induce mRNA of the GSH biosynthetic genes Gclc

and Gclm [121]. The effects of curcumin on phase II
enzymes are due, at least in part, to its ability to alter
the pool of transcription factors that bind to the
electrophilic response element, (EpRE), a cis-acting
element that mediates the transcription of cytopro-
tective phase II genes in response to chemopreventive
agents [121, 122]. Prominent among these transcrip-
tion factors regulated by curcumin is Nrf2 (NF-E2-
related factor-2) [118].

Modulation of growth factors and their signaling

pathways by curcumin

Curcumin is a potent inhibitor of ligand-induced
activation of epidermal growth factor receptor
(EGFR) [123], suggesting the potential to block the
cascade of intracellular signals associated with mito-
genesis and cell proliferation [123]. Curcumin exerts
its effect by inhibiting the tyrosine phosphorylation of
EGFR, which occurs extensively in established can-
cers [124]. The erbB2/neu gene-encoded p185neu

tyrosine kinase is a potent oncoprotein that is over-
expressed in about 30% of breast cancers and is
associated with poor prognosis [125]. Using the
human breast cancer cell lineAU-565, it was observed
that curcumin inhibits p185neu tyrosine kinase activity
in vitro and depletes mature p185neuin vivo, which
resulted in suppression of cell growth [125]. Addi-
tional growth factor pathwaysmodulated by curcumin
include TGF-b1, platelet-derived growth factor
(PDGF) [126], FGFs [55], hypoxia-inducible factor
(HIF)-1a [127], insulin-like growth factor (IGF)
[128], and colony-stimulating factors (CSFs) [129].
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Inhibition of STAT3 activation by curcumin

Signal-transducer-and-activator-of-transcription-3
(STAT3) is a member of a family of transcription
factors that playmajor roles in cytokine signaling [130,
131]. Constitutive activation of STAT3 has been
reported in many cancers, including breast cancer,
prostate cancer, head and neck squamous cell carci-
noma, MM, pancreatic cancer, and others [132, 133].
The role of STAT3 in tumorigenesis is mediated
through effects on various anti-apoptotic genes, such
as Bcl-XL [134]. STAT3 has also been shown to induce
VEGF, thereby promoting angiogenesis [135]. Due to
the critical role of STAT3 in tumorigenesis, inhibitors
of STAT3 have potential in both prevention and
treatment of cancer [132]. Curcumin, along with
several other plant polyphenols, has been shown to
suppress STAT3 activation [136, 137]. Curcumin
proved to be a potent inhibitor of STAT3 phosphor-
ylation resulting in suppressed proliferation of MM
cells [43]. Moreover, in comparison to AG490,
probably the best-known inhibitor of STAT3 phos-
phorylation, a longer exposure (12 h versus 30 min)
and higher dose (100 mM versus 10 mM) of AG490 was
needed to suppress STAT3 phosphorylation [43].
Since constitutively active STAT3 can contribute to
oncogenesis by protecting cancer cells from apoptosis,
curcumin�s suppression of STAT3 activation could
facilitate apoptosis [43].

Effect of curcumin on mitogen-activated protein

kinases

The mitogen-activated protein kinase (MAPK) sig-
naling pathway, which uses mitogen-activated, extrac-
ellular regulated kinase (ERK)-activating kinase
(MEK) and ERK isoforms, c-Jun N-terminal kinas-
es/stress-activated protein kinases (JNKs/SAPKs),
and p38 kinases, is a major pathway used in growth
factor signaling to trigger proliferation and cell differ-
entiation [138]. The SAPKs and p38 are activated
most vigorously by the inflammatory cytokines, TNF-
a, and IL-1a, and by a diverse array of cellular stresses,
such as heat shock, UV, and ionizing radiation [139].
Using a murine model of colitis, Salh et al. [140]
reported that a diet consisting of 0.25% curcumin was
able to attenuate inflammatory activity in this exper-
imental model of inflammatory bowel disease (IBD)
through a reduction in the activity of p38MAPK. In in
vitro assays using human Jurkat T (leukemia) cells,
MCF-7 (breast cancer) cells and human embryonic
kidney 293 cells, curcumin effectively inhibited JNK
activation [141]. Therefore, through inhibition of the
JNK signaling module, curcumin can effectively block
both AP-1 [142] and NF-kB [142, 143] signaling
pathways.

Curcumin chemistry

As discussed above, curcumin is a demonstrated
antitumor agent, chemopreventive [144] and antiox-
idant [145]. To better understand and improve these
properties, considerable effort has been expended on
studies of curcumin�s chemistry. These include studies
of its physical properties, studies to improve the
bioavailability of curcumin or to prepare more
effective derivatives of curcumin, and studies on the
relationship between curcumin�s redox and metal-
binding properties and biological effects. To date,
however, direct chemical connections between curcu-
min structure andmode of action remain incompletely
understood.

Structure and pharmacology

Curcumin was first isolated by Vogel in 1842 and
structurally characterized by Lampe andMilobedeska
in 1910 [146]. It was synthesized and confirmed in 1913
[147]. Typical extracts of Curcuma longa L. contain
the structures I–III, of which I is the most common
[148] (Fig. 3). Reports conflict as to whether I or III is
the most potent as an antioxidant and anti-tumor
agent [145, 148]. Curcumin exists in its enol-tautomer
form [149] (Fig. 3), and it exhibits limited solubility in
water, slight solubility in MeOH, and good solubility
in DMSO and chloroform [149], a property that may
be responsible for its low bioavailability as described
later in the clinical trials section. Curcumin possesses
three protons that are ionizable in water: the enolic
proton with a pKa of approximately 8.5 and two
phenolic protons withe pKa of 10–10.5 (in mixed
alcoholic/water solvent). Due to the low aqueous
solubility of curcumin, some workers dissolve it in
base for study; however, this approach does not
address the alkaline decomposition of curcumin as
described below.
The stability of curcumin toward chemical degrada-
tion by alkali has been investigated by several
laboratories with varying results, possibly due to
differences in the media used [150–153]. Tonnesen
et al. [151] identified degradation products including
ferulic acid and feruloylmethane, and studied kinetics
of degradation in a MeOH/aqueous buffer medium
(1:9), with phosphate buffer (pH 6–9) or carbonate
buffer (pH 9–10). The rate behavior was complex
showing several peaks and valleys in the 7–10 pH
regime, and was second order in curcumin.Wang et al.
[152] found that curcumin decomposed 90% within
30 min in 0.1 M phosphate buffer at pH 7.2 at 378C,
and tentatively identified the decomposition product
trans-6-(4�-hydroxy-3�-methoxyphenyl)-2,4-dioxo-5-
hexenal, from which they identified vanillin as a final
product along with ferulic acid and feruloylmethane.
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Stability in cell culture medium containing 10% fetal
calf serum or in human blood was greater, but 50% of
curcumin had still decomposed after 8 h [152]. An-
other study found pseudo-zero-order kinetics of
curcumin decomposition when working in unbuffered
aqueous medium of pH 10–13.5, with a rate constant
of 1.39�10–9M/min [150].A recent study showed first-
order kinetics of degradation for curcumins I, II and
III, where phosphate, borate, Tris and carbonate
buffers were employed [153]. Curcumin III (bisde-
methoxycurcumin) was the most stable, with a rate
order of I > II > III. Curcumin is also photodegrad-
able, as studied in isopropanol solution [154].
A number of studies of pharmacology andmetabolites
of curcumin exist [80, 155, 156]. The intestinal
metabolites in human and rats have been identified
as curcumin glucuronide, curcumin sulfate, tetrahy-
drocurcumin and hexahydrocurcumin [156]. Thus,
both metabolic conjugation and reduction are ob-
served. Traces of the aforementioned decomposition
products of dihydroferulic acid and ferulic acid were
found as biliary metabolites of oral curcumin admin-
istration in rats [157], which indicates that the
chemical decomposition products of curcumin are
present in vivo, and may be relevant to biological
activity.
Curcumin is a lipophilic molecule and rapidly perme-
ates cell membranes [158]. Curcumin was found to
affect the structure and function of cellular mem-
branes and mimic typical events occurring during
apoptosis; however, the cellular response to curcumin
contrasted with typical apoptotic cell death because
loss of membrane integrity was immediate, partly
reversible, and cells could recover in a relatively short
time [158]. The authors suggested that membranous
changes evoked by curcumin might underlie some of
its effects [158, 159]. For example, by changing access
to phosphatidylserine, curcumin might modulate the
activity of enzymes such as protein kinase C.

Derivatization and structure-activity relationships

To overcome its limited water solubility, a number of
new approaches have been explored to deliver
curcumin effectively, such as liposome encapsulation
[160, 161]. The group of Saladini et al. [162] have
sought to improve solubility by modifying the struc-
ture by covalent linking of a sugar to curcumin and
have studied its potential as an agent for treatment of
iron-overload disease. Many investigators have con-
sidered curcumin a lead compound for the design of
new chemotherapeutic agents for treatment of cancers
including colon [163], prostate [164], and others [165–
167]. Application of synthetic organic chemistry has
yielded many derivatives of curcumin. One study of
anti-angiogenic properties focused on curcumin mim-
ics whereby the diketone group was replaced by an a,
b-unsaturated ketone and the phenolic groups were
unsymmetrically replaced by substituted phenyls and
other aromatics [168]. Some compounds were identi-
fied as more active inhibitors of HUVEC growth and
tube formation, but no relation to chemical structure
was apparent.
A study of effects on phase II detoxification enzymes
utilized both curcuminoids closely related to the
parent plus a variety of mimics [169]. The investiga-
tors concluded that placement of a hydroxyl group at
the ortho position of the phenolic groups and the
maintenance of the diketone group in the molecule
improved the potency of the molecules as phase II
enzyme inducers.

Metal-binding chemistry

Among studies of metal ion complexation of curcu-
min, those with the cations [VO]2+ [170, 171], Mn2+

[172, 173], Fe2+/3+ [162, 167, 174, 175] and Cu2+ [176–
179] have findings of particular biological interest.
Unfortunately, the metal ion complexation reactions
of curcumin and characterization of complexes ismost
often conducted in nonionizing solvents such as

Figure 3. Curcumin I, II, III (cur-
cumin, demethoxycurcumin, bis-
demethyoxy curcumin), and
keto-enol tautomers of curcumin.
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alcohols. Studies of aqueous metal ion speciation with
curcumin under controlled pH conditions are of
greater relevance to the biological environment.
Because the acetylacetonate (acac–) ligand (region A
of curcumin, Fig. 4) is known to bind all the above
metal ions, and the acac complexes have some kinetic
or thermodynamic stability in polar and/or protic
media [180], it is reasonable to assume that the
interactions of these ions with curcumin in vivo is
biologically significant.
Iron is the metal ion whose aqueous speciation with
curcumin has been studied most thoroughly [174,
175]. Surprisingly, although the speciation studies
were conducted at pHs that ranged to well over 7,
there was rarely mention of the decomposition of
curcumin at pH >7, nor were the appropriate checks
for its decomposition made. The principal conclusion
of the iron speciation work is that species such as [FeIII

(H2curcumin-)(OH)2] are readily found at pH 7 [174,
175]. These have formation constants nearly as great
as that of transferrin (log Kf = 22.06). This formation
constant must be compared to the pKa of curcumin
(here indicated as H3curcumin), which is 8.54. The
values for Fe(II) are ~12 orders of magnitude smaller
than those of Fe(III). There is no doubt that curcumin
is a strong chelator of iron under neutral to slightly
acidic conditions, although less is known of its affinity
to other biometals.

Redox chemistry

Themost common chemical studies of curcumin, aside
from the preparation of new derivatives, are those of
its redox activity. The biological classification of
curcumin as both pro- and antioxidant, depending
on conditions, is well supported by studies showing it
to be a free radical scavenger, a reducing agent and a
DNA damage agent in the presence of Cu or Fe ions
[176, 181–185]. The active site in curcumin and the
mechanism underlying its antioxidant activity, how-
ever, are disputed. Most reports support a hydrogen
atom transfer (HAT) mechanism and disagree on
whether the hydrogen originates from the keto-enol

group or the phenolic OH– group [186–188]. In
addition to this controversy, Litwinienko and Ingold
[189, 190] have recently proposed that curcumin
exhibits a single proton loss electron transfer
(SPLET)mechanismof hydrogen donation in ionizing
medium. The SPLET process involves deprotonation
of the keto-enol group and electron transfer to form b-
diketonyl radical, followed by proton donation from
phenol. Finally, an electron migrates through the
delocalized system to restore the keto-enol group and
convert the phenolate to a phenoxyl radical. Thus,
they assert that curcumin is a reducing agent viaHAT
in less-polar solvents, but that SPLET is the more
biologically significant mode of curcumin action.
Although it is well established that curcumin is able to
bind Fe, Mn and Cu as described above, there are
relatively few studies of how such binding modulates
the redox properties of curcumin. Studies involving
the interaction of curcumin with Fe or Cu have
indicated pro-oxidant effects, suggesting that the
metal complexes are able to redox cycle, in analogy
to the Fenton process [176, 183, 184]. Radical-
scavenging effects are also noted for the Mn [172]
and Cu [177] complexes of curcumin, either of
hydroxyl radical or of superoxide.

Curcumin as an iron chelator in vivo

Consistent with its iron-binding chemistry, curcumin
exhibits properties consistent with in vivo activity as
an iron chelator [191]. Studies of the effects of
curcumin on the induction of cytoprotective phase II
enzymes in themouse normal liver cell line BNLCL.2
revealed that curcumin induced ferritin L and ferritin
H mRNA, as well as GSTa. Unexpectedly, however,
although protein levels of GSTa rose in parallel to its
mRNA, protein levels of ferritin H and L declined
[191]. Ferritin is regulated by iron and is a key protein
in the maintenance of intracellular iron homeostasis
[192]. The disparity between ferritin mRNA and
protein level suggested that curcumin may selectively
inhibit the translation of ferritin mRNA [191]. Since
iron chelators act as inhibitors of ferritin translation,
these results also implied that curcumin may act as an
iron chelator in cells. These results were supported by
findings that curcumin activates iron regulatory
protein and induces transferrin receptor in normal
liver cells, like iron chelators [191]. Since reductions of
ferritin protein were also observed in liver tissue
obtained from mice that had been exposed to curcu-
min in the diet, curcumin also has the potential to act
as an iron chelator in vivo [191]. This may be a
consideration in the use of curcumin in the treatment
of patients with marginal iron stores or those exhibit-
ing the anemia of cancer and chronic disease.

Figure 4. Nomenclature of regions of Curcumin l. (A) b-diketone
or keto-enol (see Fig. 3); (B) phenolic; (C) alkene linker.
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Curcumin in human clinical trials

Curcumin is under active investigation for its clinical
benefit, although clinical trials are still in relatively
early phases. Promising initial results were reported in
limited subsets of patients treated with curcumin for
chronic anterior uveitis [193], idiopathic inflamma-
tory orbital pseudo tumors [194], post-operative
inflammation [195], external cancerous lesions [196]
and pancreatic cancer [197]. Early trials emphasized
safety and pharmacokinetics. While continuing to
assess these aspects of curcumin�s activity, current
trials are also exploring efficacy. Consonant with
preclinical demonstrations of curcumin�s anti-inflam-
matory and anti-cancer properties, disease targets
include neoplastic and preneoplastic diseases such as
multiplemyeloma, pancreatic cancer,myelodysplastic
syndromes, and colon cancer [198, 199], and condi-
tions linked to inflammation such as psoriasis, and
Alzheimer�s disease (Table 1).

Safety and pharmacology

Curcumin is remarkably well tolerated, but its bio-
availability is poor. It does not appear to be toxic to
animals [200] or humans [201] even at high doses.
Cheng et al. [202] conducted a Phase I trial of
curcumin in patients with high risk or premalignant
lesions in Taiwan; 24 patients completed the study.
Patients included those with resected bladder cancer,
oral leukoplakia, stomach metaplasian, cervical intra-
epithelial neoplasm (CIN) and Bowen�s disease.
Curcumin was administered as a single daily oral
dose ranging from 500 to 8000 mg/day for 3 months.
No toxicity was observed at any dose. A planned
escalation to 12 000 mg/day was not carried out since
the bulky volume of the tablets was not acceptable to
patients. Pharmacokinetic studies were performed in
patients receiving 4000–8000 mg/day. Serum concen-
tration peaked 1–2 h after oral intake and then
gradually declined. Maximum serum concentration
ranged from 0.5�0.11 mM at 4000 mg/day to
1.77�1.87 mM at 8000 mg/day. At lower doses, curcu-
min was not detectable in serum. Pharmacokinetic
parameters remained the same after patients had
taken curcumin for 1 month. Curcumin was not
detected in the urine. Although it was not the primary
objective of the study, histological examination of
precancerous lesions following curcumin treatment
revealed improvement in some cases, including 1
patient with bladder cancer, 2 patients with intestinal
metaplasia of the stomach, 1 patient with CIN and 2
patients with Bowen�s disease.
An independent dose-escalation study on 15 patients
with advanced colorectal cancer was conducted in the
UK [203]. Patients consumed a single daily dose of

440–2200 mg curcuma extract, equivalent to 36–
180 mg curcumin, for up to 4 months. The treatment
was well tolerated and there was no dose-limiting
toxicity. Consistent with results reported by Cheng et

al. [202], neither curcumin nor its metabolites were
detected in the plasma, blood cells or blood lip-
oproteins at up to 29 days of daily treatment. Curcu-
min was not detected in the urine, but both curcumin
and curcumin sulfate were present in feces. Stable
disease was observed in 5 patients receiving 2–
4 months of therapy. Blood from patients in this trial
was also used to explore the utility of leukocyte COX-
2 as a biomarker for curcumin; however, measure-
ments of blood levels of PGE2, a product of COX-2,
were not significantly different in subjects who did and
did not consume curcumin [204].
Studies in healthy human volunteers consuming a
single dose of curcumin ranging from 500 to 12000 mg
gave a similar overall picture [198]. No dose-limiting
toxicities were observed, and low levels of curcumin
were only detected in the serum receiving the highest
doses of curcumin (10 000 or 12 000 mg/day). Inter-
estingly, curcumin was only detected in 2 of these 6
patients, perhaps indicating the existence of genetic
modifiers of curcuminmetabolism. These authors also
discovered a greater than twofold variation in the
curcumin content of different preparations of com-
mercially procured curcumin, which may partially
account for low serum levels despite apparently high
consumption.
This points to one of the difficulties associated with
interpreting the literature on curcumin, which is the
infrequency with which curcumin content is measured
and reported. Curcumin is particularly abundant in
Curcuma longa (3.9–12.3%), but curcumin and
curcuminoids have also been isolated from a variety
of other plant species, including Curcuma aromatica

(0.11%), and Curcuma phaeocalis (0.89%) [205].
Curcumin content varies among the many commer-
cially available blends of turmeric and curry powders
[206]. For example, one study estimated the percent-
age of curcumin to be between 1.06% and 5.70% in
four different “commercially available” turmeric
samples [207]. Pure turmeric was found to have the
highest concentration of curcumin with an average of
3.14% by weight, while curry powders contained
relatively low amounts of curcumin (for comprehen-
sive listing of curcumin content, refer to [206]). In
addition, curcumin itself exists in several forms
(Fig. 3) that exhibit different potencies as antioxidants
and anti-tumor agents [145, 148]. Thus, the actual
amount of curcumin used in various studies is often
unclear.
Curcumin has also been measured in human tissue,
e.g., in the liver and portal blood of 12 patients
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Table 1. Clinical trials of curcumin

Trial Status of
trial

Site Disease target Objective Clinical Trials.gov Identifier*
or reference

Curcumin with or
without bioperine

Ongoing MDAnderson, USA Multiple
myeloma

Tolerance and
safety of curcumin
vs curcumin plus
bioperine

NCT00113841

Pharmacokinetics
of curcumin in
healthy volunteers

Ongoing MGH, USA None Curcumin
pharmacology
with piperine or
silybin

NCT00181662

Gemcitabine with
curcumin for
pancreatic cancer

Ongoing RambamMedical CenterHaifa
Israel

Pancreatic
cancer

Clinical benefit of
gemcitabine plus
curcumin in
pancreatic cancer,
Phase II trial

NCT00192842

Trial of curcumin
in advanced
pancreatic cancer

Ongoing MDAnderson, USA Pancreatic
cancer

Response rate and
pharmacokinetics
in pancreatic
cancer, Phase II
trial

NCT00094445

Efficacy of
coenzyme Q10
and curcumin in
patientswithMDS

Not yet
open

Hadassah Medical
Organization, Jerusalem Israel

Myelodysplasia Hematological
improvement in
patients with MDS

NCT00247026

Curcumin in
patients with mild
to moderate
Alzheimer�s
disease

Ongoing UCLA Medical Center, USA Alzheimer�s
disease

Safety,
biodistribution,
efficacy

NCT00099710

Phase III trial of
gemcitabine,
curcumin and
celebrex in
patients with
metastatic colon
cancer

Not yet
open

Tel-Aviv Sourasky Medical
Center, Israel

Colon cancer Efficacy (time to
progression) Phase
III

NCT00295035

Curcumin in
preventing colon
cancer in smokers
with ACF

Ongoing Multicenter, USA (Meyskens
PI)

Colon cancer Prevention-change
in prostaglandin
E2 in ACF

NCT00365209

Use of curcumin in
the lower GI tract
in familial
adenomatous
polyposis patients

Ongoing Johns Hopkins, USA Colon cancer Regression of
colorectal
adenomatous
polyps in patients
with familial
adenomatous
polyposis

NCT00248053

Curcumin for the
chemoprevention
of colorectal
cancer

Ongoing University of Pennsylvania,
USA

Colon cancer Prevention- effect
on cell
proliferation,
apoptosis and
COX2 in the
colonic mucosa of
patients with
sporadic
adenomatous
polyps

NCT00118989

Curcuminoids for
the treatment of
chronic psoriasis
vulgaris

Ongoing University of Pennsylvania,
USA

Psoriasis Safety, efficacy NCT00235625
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Table 1 (Continued)

Trial Status of
trial

Site Disease target Objective Clinical Trials.gov Identifier*
or reference

Effects of
curcuminoids on
ACF in the human
colon

Ongoing University of Medicine and
Dentistry New Jersey USA

Colon Prevention-effect
of curcumin or
sulindac on
number of ACF in
colon

NCT00176618

Pilot study of
curcumin and
ginkgo for treating
Alzheimer�s
disease

Closed Chinese University of Hong
Kong

Alzheimer�s
disease

Effect on
isoprostanes,
amyloid beta
protein, cognitive
function

NCT00164749

Curcumin for the
prevention of
colon cancer

Closed
(completed)

University of Michigan None Pharmacokinetics,
MTD, Phase I trial
in healthy subjects

NCT00027495;[198]

Sulindac and plant
compounds in
preventing colon
cancer

Closed
(suspended)

Rockefeller University Colon cancer Prevention-effect
of curcumin on
biomarkers of
colon epithelial
cell turnover

NCT00003365

Phase I trial in
patients with pre-
malignant lesions

Completed National Taiwan University
college of Medicine

Various Pharmacokinetics
and MTD

[166]

Phase I trial:
biomarkers

Completed University of Leicester and
University of Liverpool, UK

Colorectal
cancer

Pharmacokinetics,
MTD, biomarkers

[163]

Phase III trial of
gemcitabine,
curcumin and
celebrex in
patients with
advance or
inoperable
pancreatic cancer

Ongoing Tel-Aviv Sourasky Medical
Center, Israel

Pancreatic
cancer

Clinical benefit of
gemcitabine plus
curcumin and
Celebrex in
pancreatic cancer,
Phase III

NCT00486460

Bio-availability of
a new liquid
tumeric extract

Not yet
open

Hadassah Medical
Organization, Jerusalem, Israel

Healthy Pharmacokinetics NCT00542711

Epilepsy ? AIIMS, Delhi, India Epilepsy Phase 1 Charak International, India
www/charakainternational.com/
pdfs/clinic_trial.pdf

Advanced
HNSCC

? Himalayan Institute of Medical
Sciences

Advanced
HNSCC

Phase II (1-8 g/
day; 56 d)

Charak International, India
www/charakainternational.com/
pdfs/clinic_trial.pdf

HNSCC ? AIIMS, Delhi, India HNSCC Phase II/III
DBRPC (3.6 g/day,
bid)

Charak International, India
www/charakainternational.com/
pdfs/clinic_trial.pdf

Cervical cancer
(Stage IIb, IIIb)

? AIIMS, Delhi, India Cervical cancer Phase II/III
DBRPC (2 g/day,
bid, 1 year)

Charak International, India
www/charakainternational.com/
pdfs/clinic_trial.pdf

Oral premalignant
lesions

? Tata Memorial Cancer Ctr,
India

Oral cancer Phase II/III
DBRPC (4 g/day,
bidx 28 d)

Charak International, India
www/charakainternational.com/
pdfs/clinic_trial.pdf

Oral premalignant
lesions

? Amrita Institute, Kochi, India Oral cancer Phase II/III
DBRPC (3.6 g/
day, bid)

Charak International, India
www/charakainternational.com/
pdfs/clinic_trial.pdf

Oral leukoplakia ? Regional cancer center,
Thriven, India

Oral
leukoplakia

Phase II (curcumin
gel, 3x/day,
6 months)

Charak International, India
www/charakainternational.com/
pdfs/clinic_trial.pdf

Gall bladder
cancer

? BHU, India Gall bladder
cancer

Phase II (2–8 g/
day)

Charak International, India
www/charakainternational.com/
pdfs/clinic_trial.pdf
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undergoing resection of hepatic metastases of color-
ectal cancer who took 450–3600 mg curcumin daily
for 1 week prior to surgery [208]. Low nanomolar
levels of curcumin and its metabolites, curcumin
glucuronide and curcumin sulfate, were detected in
portal serum of all 3 patients who received 3600 mg of
curcumin. Metabolic reduction products of curcumin
(hexahydrocurcumin and hexahydrocurcuminol)
were found in the liver of 1 patient. The authors
concluded that the bioavailability of curcumin is poor
in tissues remote from the gastrointestinal tract,
including the liver.

What�s wrong with this picture?

Given these and other [155, 156] demonstrations of
curcumin�s limited bioavailability, one would expect
that curcumin would have a spectrum of activity
primarily limited to the gastrointestinal tract. How-
ever, this is clearly not the case.
Curcumin exerts a number of effects at sites distal
from the gastrointestinal tract at doses less than or
equivalent to the 12 g/day maximum dose adminis-
tered in Phase I human clinical trials (to enable rough
comparisons, we calculate that 12 g/day is approx-
imately equivalent to 2% curcumin when adminis-
tered in the diet (12 g/500 g diet); when administered
by weight, it is approximately equivalent to 200 mg/kg
body weight). For example, immunomodulatory ef-
fects of curcumin (e.g. , release of ROS [13] and
eicosinoids [209] from peritoneal macrophages, anti-
body response) were observed following treatment
with 40 mg/kg curcumin in the diet [210] or by 30 mg/
kg introduced by gavage [13, 209]. Dietary curcumin
at 160 ppm also lowered oxidized proteins and IL-1b
in the brains of a transgenic mouse model of Alz-

heimer�s disease [211]. Oral curcumin, 10–40 mg/kg,
attenuated allergen-induced airway hyperresponsive-
ness in guinea pigs [212], and 200 mg/kg curcumin
protected against acute liver damage induced by
carbon tetrachloride [213] by blocking NF-kB activa-
tion and release of inflammatory cytokines. Dieth-
ylnitrosamine-induced hepatocarcinogenesis was in-
hibited by 0.2%dietary curcumin [214]. Consumption
of 0.2% curcumin in the mouse diet exerted a
genoprotective effect against DNA damage induced
by high concentrations of copper [215]. Dietary
curcumin (0.2%) also significantly countered the
hypercholesterolemia brought about by high choles-
terol feeding. Curcumin lowered hepatic and blood
lipid peroxides in hypercholesterolemic rats [216]. In
male Wistar rats, curcumin (200 mg/kg/day orally)
significantly attenuated the gentamicin-mediated in-
crease in urinary protein and glucose, BUN (blood
urea), serum creatinine and decrease in creatinine
clearance as well as the activity of g-glutamyl trans-
ferase [217]. Furthermore, data from this study
indicated that curcumin reduced malondialdehyde
(MDA) and lipid hydroperoxide (LOOH) formation
in plasma and kidney induced by gentamicin, indicat-
ing the renoprotective effect of this compound against
oxidative damage to these membranes [217]. In
humans, a single oral dose of 20 mg curcumin induced
contraction of the gall bladder as assessed by ultra-
sound scanning in human volunteers [218].
This partial list of studies performed inmany different
laboratories that have examined a variety of exper-
imental pathologies and endpoints in tissues, including
immune cells, brain, lung, liver, kidney, gall bladder
and blood, suggests that curcumin has substantial
biological effects outside the GI tract despite its

Table 1 (Continued)

Trial Status of
trial

Site Disease target Objective Clinical Trials.gov Identifier*
or reference

Pancreatic cancer Ongoing Kyoto University, Japan Pancreatic
cancer

Phase II (8 g/day) [228]

Primary sclerosing
cholangitis

Ongoing Amsterdam Medical Center,
The Netherlands

Primary
sclerosing
cholangitis

Phase I (8 g/day) [228]

Ulcerative colitis Ongoing Amsterdam Medical Center,
The Netherlands

Ulcerative
colitis

Phase I (8 g/day) [228]

Barretts
Metaplasia

Ongoing Amsterdam Medical Center,
The Netherlands

Barretts
Metaplasia

Phase I (8 g/day) [228]

Monoclonal
gammopathy of
unknown
significance
(MGUS)

Ongoing St. George Hospital, Australia MGUS Phase I (3.4 g/day) [228]

*source: www.clinicaltrials.gov
ACF, aberrant crypt foci; GI, gastrointestinal; MDS, myelodysplastic syndromes.
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relatively poor bioavailability. Whether these are
attributable to rare but potent metabolites, retention
and concentration of this lipophilic molecule in
membranes, local environmental factors that poten-
tiate curcumin�s effects, or other factors, remains
unknown. The disparity between bioavailability and
efficacy is a topic that merits investigation, particu-
larly since clinical trials targeting some of these sites
have been initiated.

Cautionary tales

Although it is clear that curcumin has awide variety of
beneficial activities, not all studies are consistent with
this rosy picture. Indeed, several studies have sug-
gested that in selected settings, curcuminmay not only
be ineffective, but may have adverse activities. For
example, in chemical studies, curcumin induced DNA
fragmentation and base damage in the presence of
copper and isozymes of cytochrome p450 (CYP) that
are present in lung, lymph, liver, and skin [219]. The
authors hypothesized that the damage was the result
of CYP-catalyzed O-demethylation of curcumin,
leading to the formation of an O-demethyl curcumin
radical, which, in the presence of copper, formed a
DNA-damaging Cu(I)-hydroperoxo complex. DNA
damage was attenuated when concentrations of cur-
cumin exceeded those of copper, presumably due to
the chelation of copper by curcumin [219]. Copper-
dependent formation of 8-hydroxy-deoxyguanosine in
response to curcumin was also reported by Yoshino et

al. [220]; they further linked the appearance of DNA
damage to apoptotic cell death. Strasser et al. [221]
observed that exposure of U937 cells to curcumin led
to a time- and dose-dependent increase in ROS.
Although the increase in ROS was transient, presum-
ably because of a subsequent elevation in glutathione,
cell viability was nevertheless decreased. Similarly,
curcumin-mediated DNA damage was reported in
mouse lymphocytes using a comet assay [222]. In
contrast to these studies, Polasa et al. [223] reported
that curcumin inhibited B(a)P-induced strand breaks
in human peripheral blood lymphocytes. The reason
for the discrepancy among these studies is unclear;
however, since curcumin exhibits a temporal change
from pro- to anti-oxidant [221], it is likely that timing
of sample collection may strongly influence conclu-
sions.
Findings of curcumin-induced DNA damage in vitro

have been corroborated bymeasures of DNAdamage
in vivo. Long-Evans Cinnamon (LEC) rats, a strain
that accumulates copper in the liver, were given 0.5%
curcumin in the diet, and DNA damage in the liver
measured. A 9–25-fold increase in etheno-DNA
adducts (a species proposed to play a causal role in
initiation and progression of liver cancer) was ob-

served in nuclear DNA [224]. Consistent with these
findings, curcumin did not protect LEC rats from
spontaneous tumor formation in the liver, and in fact
shortened median life span [224, 225]. Curcumin has
also been reported to inhibit p53 function in colon
cancer cells by disrupting the conformation of p53
required for its DNA binding and transactivation
activity [226]. Since p53 is a critical protein in the
protection against genotoxic stress, curcumin-medi-
ated inactivation of this pathway may also contribute
to the accumulation of tumor-inducing DNA damage.
In addition to its potential to induce DNA damage,
curcumin may also inhibit the activity of chemo-
therapeutic agents. Thus, curcumin inhibited campto-
thecin-induced death of cultured breast cancer cells,
and attenuated cyclophosphamide-induced breast
tumor regression in nude mice [227]. The authors of
this study recommended that breast cancer patients
receiving cytotoxic chemotherapy be excluded from
curcumin-based chemoprevention trials.
These studies are useful reminders that the many
desirable medicinal effects of curcumin should not
obscure the need for caution until the data have been
fully assessed. Given the enthusiasm for this natural
compound and the number of ongoing clinical trials,
such data should be available in the near future.

Acknowledgements. Supported in part by grants from the Amer-
ican Institute for Cancer Research (S.V.T.) and NIH grant R37DK
42412 (F.M.T.).

1 Kçhler, F. E. (1887) Kçhler�s Medizinal-Pflanzen in naturge-
treuen Abbildungen mit kurz erl�uterndem Texte: Atlas zur
Pharmacopoea germanica, Gera-Untermhaus. Gera.

2 Ammon, H. and Wahl, M. A. (1991) Pharmacology of
Curcuma longa. Planta Med. 57, 1–7.

3 Aggarwal, B. B., Sundaram, C., Malani, N. and Ichikawa, H.
(2007) Curcumin: The Indian solid gold. Adv. Exp. Med.
Biol. 595, 1–75.

4 Thakur, R., Puri,H. S. andHusain,A. (1989)Majormedicinal
plants of India, Central Institute of Medicinal and Aromatic
Plants, Lucknow.

5 MacGregor, H. (2006) Out of the spice box, into the lab:
Turmeric, an Indian staple, has long had medicinal uses. Now
theWest is taking notice. In: LosAngeles Times, LosAngeles,
CA.

6 Pandeya, N. (2005) Old wives� tales: Modern miracles. Trees
Life J. 1.

7 Tilak, J., Banerjee, M., Mohan, H. andDevasagayam, T. P. A.
(2004) Antioxidant availability of turmeric in relation to its
medicinal and culinary uses. Phytother. Res. 18, 798–804.

8 Shishodia, S., Sethi, G. andAggarwal, B. B. (2005) Curcumin:
Getting back to the roots. Ann. N. Y. Acad. Sci. 1056, 206–
217.

9 Huang, T., Lee, S. C. and Lin, J. K. (1991) Suppression of c-
Jun/AP-1 activation by an inhibitor of tumor promotion in
mouse fibroblast cells. Proc. Natl. Acad. Sci. USA 88, 5292–
5296.

10 Lin, J. and Shih, C. A. (1994) Inhibitory effect of curcumin on
xanthine dehydrogenase/oxidase induced by phorbol-12-myr-
istate-13-acetate in NIH3T3 cells. Carcinogenesis 15, 1717–
1721.

Cell.Mol. Life Sci. Review Article 15



11 Brouet, I. and Ohshima, H. (1994) Curcumin, an anti-tumour
promoter and anti-inflammatory agent, inhibits induction of
nitric oxide synthase in activated macrophages. Biochem.
Biophys. Res. Commun. 206, 533–540.

12 Sreejayan, R. M. (1997) Nitric oxide scavenging by curcumi-
noids. J. Pharm. Pharmacol. 49, 105–107.

13 Joe, B. and Lokesh, B. R (1994) Role of capsaicin, curcumin
and dietary n-3 fatty acids in lowering the generation of
reactive oxygen species in rat peritoneal macrophages.
Biochim. Biophys. Acta 1224, 255–263.

14 Abe, Y., Hashimoto, S. and Horie, T. (1999) Curcumin
inhibition of inflammatory cytokine production by human
peripheral blood monocytes and alveolar macrophages.
Pharmacol. Res. 39, 41–47.

15 Jefremov, V., Zilmer, M., Zilmer, K., Bogdanovic, N. and
Karelson, E. (2007) Antioxidative effects of plant polyphe-
nols: From protection of G protein signaling to prevention of
age-related pathologies. Ann. N.Y. Acad. Sci. 1095, 449–457.

16 Reddy, A. C. and Lokesh, B. R. (1992) Studies on spice
principles as antioxidants in the inhibition of lipid peroxida-
tion of rat liver microsomes. Mol. Cell. Biochem. 111, 117–
124.

17 Sreejayan and Rao, M. N. (1994) Curcuminoids as potent
inhibitors of lipid peroxidation. J. Pharm. Pharmacol. 46,
1013–1016.

18 Srimal, R. and Dhawan, B. N. (1973) Pharmacology of
diferuloylmethane (curcumin), a non-steroidal anti-inflam-
matory agent. J. Pharm. Pharmacol. 25, 447–452.

19 Reddy, A. and Lokesh, B. R. (1994) Studies on anti-inflam-
matory activity of spice principles and dietary n-3 polyunsa-
turated fatty acids on carrageenan-induced inflammation in
rats. Ann. Nutr. Metab. 38, 349–358.

20 Venkatesan, N. and Chandrakasan, G. (1995) Modulation of
cyclophosphamide-induced early lung injury by curcumin,
and inflammatory antioxidant. Mol. Cell. Biochem. 142, 79–
87.

21 Huang,M., Lysz, T., Ferraro, T., Abidi, T. F., Laskin, J. D. and
Conney, A. H. (1991) Inhibitory effects of curcumin on in
vitro lipoxygenase and cyclooxygenase activities in mouse
epidermis. Cancer Res. 51, 813–819.

22 Duvoix, A., Blasius, R., Delhalle, S., Schnekenburger, M.,
Morceau, F., Henry, E., Dicato, M. and Diederich, M. (2005)
Chemopreventive and therapeutic effect of curcumin. Cancer
Lett. 223, 181–190.

23 Maheshwari, R., Singh, A. K., Gaddipati, J. and Srimal, R. C.
(2006) Multiple biological activities of curcumin: A short
review. Life Sci. 78, 2081–2087.

24 Singh, S., Hu, X., Srivastava, S. K., Singh, M., Xia, H.,
Orchard, J. L. and Zaren, H. A. (1998) Mechanism of
inhibition of benzo[a]pyrene-induced forestomach cancer in
mice by dietary curcumin. Carcinogenesis 19, 1357–1360.

25 Deshpande, S., Ingle, A. D. andMaru, G. B. (1997) Inhibitory
effects of curcumin-free aqueous turmeric extract on ben-
zo[a]pyrene-induced forestomach papillomas in mice. Cancer
Lett. 118, 79–85.

26 Azuine,M. andBhide, S. V. (1992)Chemopreventive effect of
turmeric against stomach and skin tumors induced by
chemical carcinogens in Swiss mice. Nutr. Cancer 17, 77–83.

27 Huang, M., Smart, R. C., Wong, C. Q. and Conney, A. H.
(1988) Inhibitory effect of curcumin, chlorogenic acid, caffeic
acid, and ferulic acid on tumor promotion inmouse skin by 12-
O-tetradecanoylphorbol-13-acetate. Cancer Res. 48, 5941–
5946.

28 Huang, M., Lou, Y. R., Ma, W., Newmark, H. L., Reuhl,
K. R. and Conney, A. H. (1994) Inhibitory effects of dietary
curcumin on forestomach, duodenal, and colon carcinogen-
esis in mice. Cancer Res. 54, 5841–5847.

29 Ikezaki, S., Nishikawa, A., Furukawa, F., Kudo, K., Naka-
mura, H., Tamura, K. and Mori, H. (2001) Chemopreventive
effects of curcumin on glandular stomach carcinogenesis
induced by N-methyl-N�-nitro-N-nitrosoguanidine and so-
dium chloride in rats. Anticancer Res. 21, 3407–3411.

30 Ushida, J., Sugie, S., Kawabata, K., Pham, Q. V., Tanaka, T.,
Fujii, K., Takeuchi, H., Ito, Y. and Mori, H. (2000) Chemo-
preventive effect of curcumin on N-nitrosomethylbenzyl-
amine-induced esophageal carcinogenesis in rats. Jpn J. Can-
cer Res. 91, 893–898.

31 Rao, C., Simi, B. and Reddy, B. S. (1993) Inhibition by dietary
curcumin of azoxymethane-induced ornithine decarboxylase,
tyrosine protein kinase, arachidonic acid metabolism and
aberrant crypt foci formation in the rat colon. Carcinogenesis
14, 2219–2225.

32 Inano, H., Makoto, O., Inafuku, N., Kubota, M., Kamada, Y.,
Osawa, T., Kobayashi, H. and Wakabayashi, K. (1999)
Chemoprevention by curcumin during the promotion stage
of tumorigenesis of mammary gland in rats irradiated with g-
rays. Carcinogenesis 20, 1011–1018.

33 Inano, H., Makoto, O., Inafuku, N., Kubota, M., Kamada, Y.,
Osawa, T., Kobayashi, H. andWakabayashi, K. (2000) Potent
preventive action of curcumin on radiation-induced initiation
of mammary tumorigenesis in rats. Carcinogenesis 21, 1835–
1841.

34 Sindhwani, P., Hampton, J. A., Baig, M. M., Keck, R. and
Selman, S. H. (2001) Curcumin prevents intravesical tumor
implantation of the MBT-2 tumor cell line in C3H mice.
J. Urol. 166, 1498–1501.

35 Garg,A., Buchholz, T. A. andAggarwal, B. B. (2005)Chemo-
sensitization and radiosensitization of tumors by plant poly-
phenols. Antioxid. Redox Signal. 7, 1630–1647.

36 Chirnomas, D., Taniguchi, T., de la Vega, M., Vaidya, A. P.,
Vasserman, M., Hartman, A. R., Kennedy, R., Foster, R.,
Mahoney, J., Seiden, M. V. and D�Andrea, A. D. (2006)
Chemosensitization to cisplatin by inhibitors of the Fanconi
anemia/BRCA pathway. Mol. Cancer Ther. 5, 952–961.

37 Deeb, D., Jiang, H., Gao, X., Divine, G., Dulchavasky, S. A.
and Gautam, S. C. (2005) Chemosensitization of hormone-
refractory prostate cancer cells by curcumin to TRAIL-
induced apoptosis. J. Exp. Ther. Oncol. 5, 81–91.

38 Jung, E. M., Lim, J. H., Lee, T. J., Park, J. W., Choi, K. S. and
Kwon,T. K. (2005)Curcumin sensitizes tumornecrosis factor-
related apoptosis-inducing ligand (TRAIL)-induced apopto-
sis through reactive oxygen species-mediated upregulation of
death receptor 5 (DR5). Carcinogenesis 26, 1905–1913.

39 Hour, T., Chen, J., Huang, C. Y., Guan, J. Y., Lu, S. H. and Pu,
Y. S. (2002) Curcumin enhances cytotoxicity of chemother-
apeutic agents in prostate cancer cells by inducing p21(WAF1/
CIP1) and C/EBPbeta expressions and suppressing NF-
kappaB activation. Prostate 51, 211–218.

40 Chuang, S. E., Yeh, P. Y., Lu, Y. S., Lai, G. M., Liao, C. M.,
Gao, M. and Cheng, A. L. (2002) Basal levels and patterns of
anticancer drug-induced activation of nuclear factor-kappaB
(NF-kappaB), and its attenuation by tamoxifen, dexametha-
sone, and curcumin in carcinoma cells. Biochem. Pharma-
col. 63, 1709–1716.

41 Harbottle, A., Daly, A. K., Atherton, K. and Campbell, F. C.
(2001) Role of glutathione S-transferase P1, P-glycoprotein
and multidrug resistance-associated protein 1 in acquired
doxorubicin resistance. Int. J. Cancer 92, 777–783.

42 Verma, S. P., Goldin, B. R. and Lin, P. S. (1998) The inhibition
of the estrogenic effects of pesticides and environmental
chemicals by curcumin and isoflavonoids. Environ. Health
Perspect 106, 807–812.

43 Bharti, A., Donato, N, Singh, S. and Aggarwal, B. B. (2003)
Curcumin (diferuloylmethane) down-regulates the constitu-
tive activation of nuclear factor-kappa B and IkappaBalpha
kinase in human multiple myeloma cells, leading to suppres-
sion of proliferation and induction of apoptosis. Blood 101,
1053–1062.

44 Bava, S. V., Puliappadamba, V. T., Deepti, A., Nair, A.,
Karunagaran, D. andAnto, R. J. (2005) Sensitization of taxol-
induced apoptosis by curcumin involves down-regulation of
nuclear factor-kappaB and the serine/threonine kinase Akt
and is independent of tubulin polymerization. J. Biol.
Chem. 280, 6301–6308.

16 H. Hatcher et al. A critical review of curcumin



45 Notarbartolo, M., Poma, P., Perri, D., Dusonchet, L.,
Cervello, M. and D�Alessandro, N. (2005) Antitumor effects
of curcumin, alone or in combination with cisplatin or
doxorubicin, on human hepatic cancer cells. Analysis of
their possible relationship to changes in NF-kB activation
levels and in IAP gene expression. Cancer Lett. 224, 53–65.

46 Anuchapreeda, S., Leechanachai, P., Smith, M. M., Ambud-
kar, S. V. and Limtrakul, P. N. (2002) Modulation of P-
glycoprotein expression and function by curcumin in multi-
drug-resistant humanKBcells. Biochem.Pharmacol. 64, 573–
582.

47 Limtrakul, P., Anuchapreeda, S. and Buddhasukh, D. (2004)
Modulation of human multidrug-resistance MDR-1 gene by
natural curcuminoids. BMC Cancer 4, 13.

48 Tang, X. Q., Bi, H., Feng, J. Q. and Cao, J. G. (2005) Effect of
curcumin on multidrug resistance in resistant human gastric
carcinoma cell line SGC7901/VCR. Acta Pharmacol. Sin. 26,
1009–1016.

49 Piwocka, K., Bielak-Mijewska, A. and Sikora, E. (2002)
Curcumin induces caspase-3-independent apoptosis in human
multidrug-resistant cells. Ann. N. Y. Acad. Sci. 973, 250–254.

50 Li, M., Zhang, Z., Hill, D. L., Wang, H. and Zhang, R. (2007)
Curcumin, a dietary component, has anticancer, chemosensi-
tization, and radiosensitization effects by down-regulating the
MDM2 oncogene through the PI3K/mTOR/ETS2 pathway.
Cancer Res. 67, 1988–1996.

51 Jagetia, G. C. (2007) Radioprotection and radiosensitization
by curcumin. Adv. Exp. Med. Biol. 595, 301–320.

52 Chendil, D., Ranga, R. S, Meigooni, D., Sathishkumar, S. and
Ahmed, M. M. (2004) Curcumin confers radiosensitizing
effect in prostate cancer cell line PC-3. Oncogene 23, 1599–
1607.

53 Folkman, J. and Shing, Y. (1992) Angiogenesis. J. Biol.
Chem. 267, 10931–10934.

54 Arbiser, J., Klauber, N., Rohan, R., van Leeuwen, R., Huang,
M. T., Fisher, C., Flynn, E. and Byers, H. R. (1998) Curcumin
is an in vivo inhibitor of angiogenesis. Mol. Med. 4, 376–383.

55 Mohan, R., Sivak, J., Ashton, P., Russo, L. A., Pham, B. Q.,
Kasahara, N., Raizman, M. B. and Fini, M. E. (2000) Curcu-
minoids inhibit the angiogenic response stimulated by fibro-
blast growth factor-2, including expression of matrix metal-
loproteinase gelatinase B. J. Biol. Chem. 275, 10405–10412.

56 Gururaj, A., Belakavadi, M., Venkatesh, D. A., Marme, D.
and Salimath, B. P. (2002) Molecular mechanisms of anti-
angiogenic effect of curcumin. Biochem. Biophys. Res.
Commun. 297, 934–942.

57 Bhandarkar, S. S. and Arbiser, J. L. (2007) Curcumin as an
inhibitor of angiogenesis. Adv. Exp. Med. Biol. 595, 185–195.

58 Thaloor, D., Singh, A. K., Sidhu, G. S., Prasad, P. V., Klein-
man, H. K. and Maheshwari, R. K. (1998) Inhibition of
angiogenic differentiation of human umbilical vein endothe-
lial cells by curcumin. Cell Growth Differ. 9, 305–312.

59 Santib�Çez, J., Quintanilla, M. and Mart�nez, J. (2000)
Genistein and curcumin block TGF-beta 1-induced u-PA
expression and migratory and invasive phenotype in mouse
epidermal keratinocytes. Nutr. Cancer 37, 49–54.

60 Stetler-Stevenson, W. G. (1999) Matrix metalloproteinases in
angiogenesis: A moving target for therapeutic intervention.
J. Clin. Invest. 103, 1237–1241.

61 Lin, L. I., Ke, Y. F., Ko, Y. C. and Lin, J. K. (1998) Curcumin
inhibits SK-Hep-1 hepatocellular carcinoma cell invasion in
vitro and suppresses matrix metalloproteinase-9 secretion.
Oncology 55, 349–353.

62 Menon, L. G., Kuttan, R. and Kuttan, G. (1995) Inhibition of
lungmetastasis inmice induced byB16F10melanoma cells by
polyphenolic compounds. Cancer Lett. 95, 221–225.

63 Menon, L. G., Kuttan, R. and Kuttan, G. (1999) Anti-
metastatic activity of curcumin and catechin. Cancer
Lett. 141, 159–165.

64 Siebenlist, U., Franzoso, G. and Brown, K. (1994) Structure,
regulation and function of NF-kappa B. Annu. Rev. Cell
Biol. 10, 405–455.

65 Baeuerle, P. and Henkel, T. (1994) Function and activation of
NF-kappa B in the immune system. Annu. Rev. Immunol. 12,
141–179.

66 Barnes, P. and Karin, M. (1997) Nuclear factor-kappaB — A
pivotal transcription factor in chronic inflammatory diseases.
N. Engl. J. Med. 336, 1066–1071.

67 Amit, S. and Ben-Neriah, Y. (2003) NF-kappaB activation in
cancer: A challenge for ubiquitination- and proteasome-
based therapeutic approach. Semin Cancer Biol. 13, 15–28.

68 Jobin, C., Bradham, C. A., Russo, M. P., Juma, B., Narula,
A. S., Brenner, D. A. and Sartor, R. B. (1999) Curcumin
blocks cytokine-mediated NF-kappa B activation and proin-
flammatory gene expression by inhibiting inhibitory factor I-
kappa B kinase activity. J. Immunol. 163, 3474–3483.

69 Singh, S. and Aggarwal, B. B. (1995) Activation of tran-
scription factor NF-kB is suppressed by curcumin (diferulo-
lylmethane). J. Biol. Chem. 270, 24995–25000.

70 Bachmeier, B., Nerlich, A. G., Iancu, C. M., Cilli, M.,
Schleicher, E., Vene, R., Dell�Eva, R., Jochum, M., Albini,
A. and Pfeffer, U. (2007) The chemopreventive polyphenol
Curcumin prevents hematogenous breast cancer metastases
in immunodeficient mice. Cell Physiol. Biochem. 19, 137–
152.

71 Aggarwal, S., Ichikawa, H., Takada, Y., Sandur, S. K.,
Shishodia, S. and Aggarwal, B. B. (2006) Curcumin (diferu-
loylmethane) down-regulates expression of cell proliferation
and antiapoptotic and metastatic gene products through
suppression of IkappaBalpha kinase andAkt activation.Mol.
Pharmacol. 69, 195–206.

72 Kossakowska, A., Huchcroft, S. A., Urbanski, S. J. and
Edwards,D. R. (1996)Comparative analysis of the expression
patterns of metalloproteinases and their inhibitors in breast
neoplasia, sporadic colorectal neoplasia, pulmonary carcino-
mas andmalignant non-Hodgkin�s lymphomas in humans. Br.
J. Cancer 73, 1401–1408.

73 Airola, K., Karonen, T., Vaalamo, M., Lehti, K., Lohi, J.,
Kariniemi, A. L., Keski-Oja, J. and Saarialho-Kere, U. K.
(1999) Expression of collagenases-1 and-3 and their inhibitors
TIMP-1 and-3 correlates with the level of invasion in
malignant melanomas. Br. J. Cancer 80, 733–743.

74 Murray, G., Duncan, M. E., O�Neil, P., Melvin, W. T. and
Fothergill, J. E. (1996) Matrix metalloproteinase-1 is associ-
ated with poor prognosis in colorectal cancer. Nat. Med. 2,
461–462.

75 Tetu, B., Brisson, J., Lapointe, H. and Bernard, P. (1998)
Prognostic significance of stromelysin 3, gelatinase A, and
urokinase expression in breast cancer. Hum. Pathol. 29, 979–
985.

76 Kelloff, G., Crowell, J. A., Steele, V. E., Lubet, R. A., Boone,
C. W., Malone, W. A., Hawk, E. T., Lieberman, R., Law-
rence, J. A., Kopelovich, L., Ali, I., Viner, J. L. and Sigman,
C. C. (1999) Progress in cancer chemoprevention. Ann. N. Y.
Acad. Sci. 889, 1–13.

77 Thangapazham, R., Sharma, A. and Maheshwari, R. K.
(2006)Multiplemolecular targets in cancer chemoprevention
by curcumin. AAPS J 8, E443–449.

78 Mann, J. and DuBois, R. N. (2004) Cyclooxygenase-2 and
gastrointestinal cancer. Cancer J. 10, 145–152.

79 Prescott, S. (2000) Is cyclooxygenase-2 the alpha and the
omega in cancer? J. Clin. Invest. 105, 1511–1513.

80 Ammon, H. and Wahl, M. A. (1991) Pharmacology of
Curcuma longa. Planta Med. 57, 1–7.

81 Kargman, S., O�Neill, G. P., Vickers, P. J., Evans, J. F.,
Mancini, J. A. and Jothy, S. (1995) Expression of prostaglan-
din G/H synthase-1 and-2 protein in human colon cancer.
Cancer Res. 55, 2556–2559.

82 Oshima, M., Dinchuk, J. E., Kargman, S. L., Oshima, H.,
Hancock, B., Kwong, E., Trzaskos, J. M., Evans, J. F. and
Taketo, M. M. (1996) Suppression of intestinal polyposis in
Apc delta716 knockout mice by inhibition of cyclooxygenase
2 (COX-2). Cell 87, 803–809.

Cell.Mol. Life Sci. Review Article 17



83 Kawamori, T., Rao, C. V, Seibert, K. and Reddy, B. S. (1998)
Chemopreventive activity of celecoxib, a specific cyclooxy-
genase-2 inhibitor, against colon carcinogenesis. Cancer
Res. 58, 409–412.

84 Zhang, F.,Altorki,N. K.,Mestre, J. R., Subbaramaiah,K. and
Dannenberg, A. J. (1999) Curcumin inhibits cyclooxygenase-
2 transcription in bile acid- and phorbol ester-treated human
gastrointestinal epithelial cells. Carcinogenesis 20, 445–451.

85 Plummer, S., Holloway, K. A., Manson, M. M., Munks, R. J.,
Kaptein, A., Farrow, S. and Howells, L. (1999) Inhibition of
cyclo-oxygenase 2 expression in colon cells by the chemo-
preventive agent curcumin involves inhibition of NF-kappaB
activation via the NIK/IKK signalling complex. Oncogene 18,
6013–6020.

86 Vane, J. and Botting, RM. (1995) New insights into the mode
of action of anti-inflammatory drugs. Inflamm. Res. 44, 1–10.

87 Eberhart, C. and Dubois, R. N. (1995) Eicosanoids and the
gastrointestinal tract. Gastroenterology 109, 285–301.

88 Baldin,V., Lukas, J,Marcote,M. J, Pagano,M. andDraetta,G.
(1993) Cyclin D1 is a nuclear protein required for cell cycle
progression in G1. Genes Dev. 7, 812–821.

89 Mukhopadhyay, A., Banerjee, S, Stafford, L. J, Xia, C, Liu, L.
and Aggarwal, B. B. (2002) Curcumin-induced suppression of
cell proliferation correlateswith down-regulation of cyclinD1
expression and CDK4-mediated retinoblastoma protein
phosphorylation. Oncogene 21, 8852–8861.

90 Park, M. J., Kim, E. H., Park, I. C., Lee, H. C., Woo, S. H.,
Lee, J. Y., Hong, Y. J., Rhee, C. H., Choi, S. H., Shim, B. S.,
Lee, S. H. and Hong, S. I. (2002) Curcumin inhibits cell cycle
progression of immortalized human umbilical vein endothe-
lial (ECV304) cells by up-regulating cyclin-dependent kinase
inhibitor, p21WAF1/CIP1, p27KIP1 and p53. Int. J. Oncol. 21,
379–383.

91 Cheng, Y., Ping, J. and Xu, L. M. (2007) Effects of curcumin
on peroxisome proliferator-activated receptor gamma ex-
pression and nuclear translocation/redistribution in culture-
activated rat hepatic stellate cells. Chinese Med. J. 120, 794–
801.

92 Sandur, S. K., Ichikawa, H., Pandey, M. K., Kunnumakkara,
A. B., Sung, B., Sethi, G. and Aggarwal, B. B. (2007) Role of
pro-oxidants and antioxidants in the anti-inflammatory and
apoptotic effects of curcumin (diferuloylmethane). Free
Radic. Biol. Med. 43, 568–580.

93 Roy, M., Chakraborty, S., Siddiqi, M. and Bhattacharya, R. K
(2002) Induction of apoptosis in tumor cells by natural
phenolic compounds. Asian Pac. J. Cancer Prev. 3, 61–67.

94 Deeb, D., Jiang, H., Gao, X., Al-Holou, S., Danyluk, A. L.,
Dulchavsky, S. A. and Gautam, S. C. (2007) Curcumin [1,7-
bis(4-hydroxy-3-methoxyphenyl)-1–6-heptadine-3,5-dione;
C21H20O6] sensitizes human prostate cancer cells to tumor
necrosis factor-related apoptosis-inducing ligand/Apo2L-in-
duced apoptosis by suppressing nuclear factor-kappaB via
inhibition of the prosurvival Akt signaling pathway. J. Phar-
macol. Exp. Ther. 321, 616–625.

95 Anto, R., Mukhopadhyay, A., Denning, D. and Aggarwal,
B. B. (2002) Curcumin (diferuloylmethane) induces apoptosis
through activation of caspase-8, BID cleavage and cyto-
chrome c release: Its suppression by ectopic expression ofBcl-
2 and Bcl-xl. Carcinogenesis 23, 143–150.

96 Shishodia, S., Amin, H.M, Lai, R. andAggarwal, B. B. (2005)
Curcumin (diferuloylmethane) inhibits constitutive NF-kB
activation, induces G1/S arrest, suppresses proliferation, and
induces apoptosis in mantle cell lymphoma. Biochem. Phar-
macol. 70, 700–713.

97 Xu, Y., Pindolia, K., Janakiraman, N., Chapman, R. and
Gautam, S. (1998) Curcumin inhibits IL-1alpha and TNF-
alpha induction of AP-1 and NFkB DNA-binding activity in
bonemarrow stromal cells. Hematopathol.Mol. Hematol. 11,
49–62.

98 Hidaka, H., Ishiko, T., Furuhashi, T., Kamohara, H., Suzuki,
S.,Miyazaki,M., Ikeda,O.,Mita, S., Setoguchi,T. andOgawa,
M. (2002) Curcumin inhibits interleukin 8 production and

enhances interleukin 8 receptor expression on the cell
surface:impact on human pancreatic carcinoma cell growth
by autocrine regulation. Cancer 95, 1206–1214.

99 Cho, J. W., Lee, K. S. and Kim, C. W. (2007) Curcumin
attenuates the expression of IL-1beta, IL-6, and TNF-alpha as
well as cyclin E in TNF-alpha-treated HaCaT cells; NF-
kappaBandMAPKs as potential upstream targets. Int. J.Mol.
Med. 19, 469–474.

100 Gao, X., Kuo, J., Jiang, H., Deeb, D., Liu, Y., Divine, G.,
Chapman, R. A., Dulchavsky, S. A. and Gautam, S. C. (2004)
Immunomodulatory activity of curcumin: Suppression of
lymphocyte proliferation, development of cell-mediated
cytotoxicity, and cytokine production in vitro. Biochem.
Pharmacol. 68, 51–61.

101 Bhattacharyya, S.,Mandal,D., Sen,G. S., Pal, S., Banerjee, S.,
Lahiry, L., Finke, J. H., Tannenbaum, C. S., Das, T. and Sa, G.
(2007) Tumor-induced oxidative stress perturbs nuclear
factor-kappaB activity-augmenting tumor necrosis factor-
alpha-mediated T-cell death: Protection by curcumin. Cancer
Res. 67, 362–370.

102 Yamaguchi, H. and Wang, H. G. (2001) The protein kinase
PKB/Akt regulates cell survival and apoptosis by inhibiting
Bax conformational change. Oncogene 20, 7779–7786.

103 Alessi, D., James, S. R., Downes, C. P., Holmes, A. B.,
Gaffney, P. R., Reese, C. B. and Cohen, P. (1997) Character-
ization of a 3-phosphoinositide-dependent protein kinase
which phosphorylates and activates protein kinase B alpha.
Curr. Biol. 7, 261–269.

104 Stephens, L., Anderson,K., Stokoe,D., Erdjument-Bromage,
H., Painter, G. F., Holmes, A. B., Gaffney, P. R., Reese, C. B.,
McCormick, F., Tempst, P., Coadwell, J. and Hawkins, P. T.
(1998) Protein kinase B kinases that mediate phosphatidyli-
nositol 3,4,5-trisphosphate-dependent activation of protein
kinase B. Science 279, 673–674.

105 Woo, J., Kim, Y. H., Choi, Y. J., Kim, D. G., Lee, K. S., Bae,
J. H., Min, D. S., Chang, J. S., Jeong, Y. J., Lee, Y. H., Park,
J. W. and Kwon, T. K. (2003) Molecular mechanisms of
curcumin-induced cytotoxicity: Induction of apoptosis
through generation of reactive oxygen species, down-regu-
lation of Bcl-XL and IAP, the release of cytochrome c and
inhibition of Akt. Carcinogenesis 24, 1199–1208.

106 Sarkar, F. and Li, Y. (2004) Cell signaling pathways altered by
natural chemopreventive agents. Mutat. Res. 555, 53–64.

107 Jee, S., Shen, S. C., Tseng, C. R., Chiu, H. C. and Kuo, M. L.
(1998) Curcumin induces a p53-dependent apoptosis in
human basal cell carcinoma cells. J. Invest. Dermatol. 11,
656–661.

108 Jiang, M., Yang-Yen, H. F., Lin, J. K. and Yen, J. J. (1996)
Differential regulation of p53, c-Myc, Bcl-2 and Bax protein
expression during apoptosis induced by widely divergent
stimuli in human hepatoblastoma cells. Oncogene 13, 609.

109 Choudhuri, T., Pal, S., Agwarwal, M. L., Das, T. and Sa, G.
(2002) Curcumin induces apoptosis in human breast cancer
cells through p53-dependent Bax induction. FEBS Lett. 512,
334–340.

110 Choudhuri, T., Pal, S., Das, T. and Sa, G. (2005) Curcumin
selectively induces apoptosis in deregulated cyclin D1-ex-
pressed cells at G2 phase of cell cycle in a p53-dependent
manner. J. Biol. Chem. 280, 20059–20068.

111 Chen, Y., Kuo, T. C., Lin-Shiau, S. Y. and Lin, J. K. (1996)
Induction of HSP70 gene expression bymodulation of Ca(12)
ion and cellular p53 protein by curcumin in colorectal
carcinoma cells. Mol. Carcinogenesis 17, 224–234.

112 Kato, K., Ito, H., Kamei, K. and Iwamoto, I. (1998)
Stimulation of the stress-induced expression of stress proteins
by curcumin in cultured cells and in rat tissues in vivo. Cell
Stress Chaperones 3, 152–160.

113 Han, S.-S., Chung, S.-T, Robertson, D. A, Ranjan, D. and
Bondada, S. (1999) Curcumin causes the growth arrest and
apoptosis of B cell lymphoma by downregulation of egr-1, C-
myc, Bcl-XL, NF-kB, and p53. Clin. Immunol. 93, 152–161.

18 H. Hatcher et al. A critical review of curcumin



114 Bush, J., Cheung, K.-J. J. and Li, G. (2001) Curcumin induces
apoptosis in human melanoma cells through a Fas receptor/
caspase-8 pathway independent of p53. Exp. Cell Res. 271,
305–314.

115 Prestera, T. and Talalay, P. (1995) Electrophile and antiox-
idant regulation of enzymes that detoxify carcinogens. Proc.
Natl. Acad. Sci. USA 92, 8965–8969.

116 Susan, M. and Rao, M. N. (1992) Induction of glutathione S-
transferase activity by curcumin in mice. Arzneimittelfor-
schung 42, 962–964.

117 Dinkova-Kostova, A. T. and Talalay, P. (1999) Relation of
structure of curcumin analogs to their potencies as inducers of
Phase 2 detoxification enzymes. Carcinogenesis 20, 911–914.

118 Scapagnini, G., Colombrita, C, Amadio, M, D�Agata, V,
Arcelli, E, Sapienza, M, Quattrone, A. and Calabrese, V.
(2006) Curcumin activates defensive genes and protects
neurons against oxidative stress. Antioxid. Redox Signal. 8,
395–403.

119 Balogun, E., Hoque, M., Gong, P., Killeen, E., Green, C. J.,
Foresti, R., Alam, J. and Motterlini, R. (2003) Curcumin
activates the haem oxygenase-1 gene via regulation of Nrf2
and the antioxidant-responsive element. Biochem. J. 371,
887–895.

120 Ciolino, H. P., Daschner, P. J., Wang, T. T. and Yeh, G. C.
(1998) Effect of curcumin on the aryl hydrocarbon receptor
and cytochromeP450 1A1 inMCF-7 human breast carcinoma
cells. Biochem. Pharmacol. 56, 197–206.

121 Dickinson, D., Iles, K. E., Zhang, H., Blank, V. and Forman,
H. J. (2003) Curcumin alters EpRE and AP-1 binding
complexes and elevates glutamate-cysteine ligase gene ex-
pression. FASEB J. 17, 473–475.

122 Dickinson, D., Iles, K. E, Wigley, A. F. and Forman, H. J.
(2004) Analysis of transcription factor remodeling in Phase II
gene expression with curcumin. Methods Enzymol. 302–318.

123 Korutla, L., Cheung, J. Y., Mendelsohn, J. and Kumar, R.
(1995) Inhibition of ligand-induced activation of epidermal
growth factor receptor tyrosine phosphorylation by curcumin.
Carcinogenesis 16, 1741–1745.

124 Korutla, L. and Kumar, R. (1994) Inhibitory effect of
curcumin on epidermal growth factor receptor kinase activity
in A431 cells. Biochim. Biophys. Acta 1224, 597–600.

125 Hong, R. L., Spohn, W. H. and Hung, M. C. (1999) Curcumin
inhibits tyrosine kinase activity of p185neu and also depletes
p185neu. Clin. Cancer Res. 5, 1884–1891.

126 Yang,X., Thomas,D. P., Zhang,X., Culver, B. W.,Alexander,
B. M., Murdoch, W. J., Rao, M. N., Tulis, D. A., Ren, J. and
Sreejayan, N. (2006) Curcumin inhibits platelet-derived
growth factor-stimulated vascular smooth muscle cell func-
tion and injury-induced neointima formation. Arterioscler.
Thromb. Vasc. Biol. 26, 85–90.

127 Choi, H., Chun, Y. S., Kim, S. W., Kim, M. S. and Park, J. W.
(2006) Curcumin inhibits hypoxia-inducible factor-1 by de-
grading aryl hydrocarbon receptor nuclear translocator: A
mechanism of tumor growth inhibition. Mol. Pharmacol. 70,
1664–1671.

128 Xia, Y., Jin, L., Zhang, B., Xue, H., Li, Q. and Xu, Y. (2007)
The potentiation of curcumin on insulin-like growth factor-1
action in MCF-7 human breast carcinoma cells. Life Sci 80,
2161–2169.

129 Kobayashi, T., Hashimoto, S. and Horie, T. (1997) Curcumin
inhibition of Dermatophagoides farinea-induced interleukin-
5 (IL-5) and granulocyte macrophage-colony stimulating
factor (GM-CSF) production by lymphocytes from bronchial
asthmatics. Biochem. Pharmacol. 54, 819–824.

130 Aggarwal, B. and Shishodia, S. (2006) Molecular targets of
dietary agents for prevention and therapy of cancer. Biochem.
Pharmacol. 71, 1397–1421.

131 Zhong,Z.,Wen,Z. andDarnell, J. E. Jr. (1994) Stat3:ASTAT
family member activated by tyrosine phosphorylation in
response to epidermal growth factor and interleukin-6.
Science 264, 95–98.

132 Aggarwal, B. B., Sethi, G., Ahn, K. S., Sandur, S. K., Pandey,
M. K., Kunnumakkara, A. B., Sung, B. and Ichikawa, H.
(2006) Targeting signal-transducer-and-activator-of-tran-
scription-3 for prevention and therapy of cancer: Modern
target but ancient solution. Ann. N. Y. Acad. Sci. 1091, 151–
169.

133 Kim, D. J., Chan, K. S., Sano, S. and Digiovanni, J. (2007)
Signal transducer and activator of transcription 3 (Stat3) in
epithelial carcinogenesis. Mol. Carcinog. 46, 725–731.

134 Zushi, S., Shinomura, Y., Kiyohara, T., Miyazaki, Y., Kondo,
S., Sugimachi, M., Higashimoto, Y., Kanayama, S. and
Matsuzawa, Y. (1998) STAT3 mediates the survival signal in
oncogenic ras-transfected intestinal epithelial cells. Int. J.
Cancer 78, 326–330.

135 Niu, G., Wright, K. L., Huang, M., Song, L., Haura, E.,
Turkson, J., Zhang, S., Wang, T., Sinibaldi, D., Coppola, D.,
Heller, R., Ellis, L. M., Karras, J., Bromberg, J., Pardoll, D.,
Jove, R. and Yu, H. (2002) Constitutive Stat3 activity up-
regulates VEGF expression and tumor angiogenesis. Onco-
gene 21, 2000–2008.

136 Bharti, A. C., Donato, N. and Aggarwal, B. B. (2003) Curcu-
min (diferuloylmethane) inhibits constitutive and IL-6-indu-
cible STAT3 phosphorylation in human multiple myeloma
cells. J. Immunol. 171, 3863–3871.

137 Chakravarti, N., Myers, J. N. and Aggarwal, B. B. (2006)
Targeting constitutive and interleukin-6-inducible signal
transducers and activators of transcription 3 pathway in
head and neck squamous cell carcinoma cells by curcumin
(diferuloylmethane). Int. J. Cancer 119, 1268–1275.

138 Seger, R. and Krebs, E. G. (1995) The MAPK signaling
cascade. FASEB J. 9, 726–735.

139 Rana, A., Gallo, K., Godowski, P., Hirai, S., Ohno, S., Zon,
L., Kyriakis, J. M. and Avruch, J. (1996) The mixed lineage
kinase SPRK phosphorylates and activates the stress-activat-
ed protein kinase activator, SEK-1. J. Biol. Chem. 271,
19025–19028.

140 Salh, B., Assi, K., Templeman, V., Parhar, K., Owen, D.,
Gomez-Munoz, A. and Jacobson, K. (2003) Curcumin attenu-
ates DNB-induced murine colitis. Am. J. Physiol. Gastro-
intest. Liver Physiol. 285, G235–243.

141 Chen, Y. R. and Tan, T. H. (1998) Inhibition of the c-Jun N-
terminal kinase (JNK) signaling pathway by curcumin.
Oncogene 17, 173–178.

142 Dhandapani, K. M., Mahesh, V. B. and Brann, D. W. (2007)
Curcumin suppresses growth and chemoresistance of human
glioblastoma cells via AP-1 and NFkappaB transcription
factors. J. Neurochem. 102, 522–538.

143 Meyer, C. F., Wang, X., Chang, C., Templeton, D. and Tan,
T. H. (1996) Interaction between c-Rel and the mitogen-
activated protein kinase kinase kinase 1 signaling cascade in
mediating kappaB enhancer activation. J. Biol. Chem. 271,
8971–8976.

144 Aggarwal, B., Kumar, A. and Bharti, AC (2003) Anticancer
potential of curcumin: Preclinical and clinical studies. Anti-
cancer Res. 23, 363–398.

145 Ruby, A., Kuttan, G., Babu, K. D., Rajasekharan, K. N. and
Kuttan, R. (1995) Anti-tumour and antioxidant activity of
natural curcuminoids. Cancer Lett. 94, 79–83.

146 Milobedzka, J., v. Kostanecki, S. and Lampe, V. (1910)
Curcumin. Ber. Dtsch. Chem. Ges. 43, 2163–70.

147 Lampe, V. and Milobedzka, J. (1913) Curcumin. Ber. Dtsch.
Chem. Ges. 46, 2235–2240.

148 Ramsewak, R. S., DeWitt, D. L. and Nair, M. G. (2000)
Cytotoxicity, antioxidant and anti-inflammatory activities of
curcumins I-III from Curcuma longa. Phytomedicine 7, 303–
308.

149 Payton, F., Sandusky, P. and Alworth, W. L. (2007) NMR
study of the solution structure of curcumin. J. Nat. Prod. 70,
143–146.

150 Bernabe-Pineda, M., Ramirez-Silva, M. T., Romero-Romo,
M.,Gonzadlez-Vergara, E. andRojas-Hernandez, A. (2004)
Determination of acidity constants of curcumin in aqueous

Cell.Mol. Life Sci. Review Article 19



solution and apparent rate constant of its decomposition.
Spectrochim. Acta A Mol. Biomol. Spectrosc. 60, 1091–
1097.

151 Tonnesen, H. H. and Karlsen, J. (1985) Studies on curcumin
and curcuminoids. V. Alkaline Degradation of Curcumin. Z.
Lebensm. Unters. Forsch. 180, 132–134.

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

153 Price, L. C. and Buescher, R. W. (1997) Kinetics of alkaline
degradationof the foodpigments curcuminand curcuminoids.
J. Food Sci. 62, 267–269.

154 Tonnesen, H. H., Karlsen, J. and van Henegouwen, G. B.
(1986) Studies on curcumin and curcuminoids VIII. Photo-
chemical stability of curcumin. Z. Lebensm. Unters.
Forsch. 183, 116–122.

155 Ireson, C., Orr, S., Jones, D. J., Verschoyle, R., Lim, C. K.,
Luo, J. L., Howells, L., Plummer, S., Jukes, R., Williams, M.,
Steward, W. P. and Gescher, A. (2001) Characterization of
metabolites of the chemopreventive agent curcumin in human
and rat hepatocytes and in the rat in vivo, and evaluation of
their ability to inhibit phorbol ester-induced prostaglandin E2
production. Cancer Res. 61, 1058–1064.

156 Ireson,C. R., Jones,D. J.,Orr, S., Coughtrie,M. W.,Boocock,
D. J., Williams, M. L., Farmer, P. B., Steward, W. P. and
Gescher, A. J. (2002) Metabolism of the cancer chemopre-
ventive agent curcumin in human and rat intestine. Cancer
Epidemiol. Biomarkers Prev. 11, 105–111.

157 Holder, G. M., Plummer, J. L. and Ryan, A. J. (1978) The
metabolism and excretion of curcumin [1,7-bis-(4-hydroxy-3-
methoxyphenyl)-1,6-heptadiene-3,5-dione] in the rat. Xeno-
biotica 8, 761–768.

158 Jaruga, E., Salvioli, S., Dobrucki, J., Chrul, S., Bandorowicz-
Pikuła, J., Sikora, E., Franceschi, C., Cossarizza, A. and
Bartosz, G. (1998) Apoptosis-like, reversible changes in
plasmamembrane asymmetry and permeability, and transient
modifications in mitochondrial membrane potential induced
by curcumin in rat thymocytes. FEBS Lett. 433, 287–293.

159 Jarugaa, E., Sokala, A., Chrulb, S. and Bartosza, G. (1998)
Apoptosis-independent alterations in membrane dynamics
induced by curcumin. Exp. Cell Res. 245, 303–312.

160 Li, L., Braiteh, F. S. and Kurzrock, R. (2005) Liposome-
encapsulated curcumin: In vitro and in vivo effects on
proliferation, apoptosis, signaling, and angiogenesis. Cancer
104, 1322–1331.

161 Maiti, K., Mukherjee, K., Gantait, A., Saha, B. P. and
Mukherjee, P. K. (2007) Curcumin-phospholipid complex:
Preparation, therapeutic evaluation and pharmacokinetic
study in rats. Int. J. Pharm. 330, 155–163.

162 Arezzini, B., Ferrali,M., Ferrari, E., Grandi,R.,Monti, S. and
Saladini, M. (2004) Glycosyl-curcuminoids as potential new
chelating agents in iron overload chelation therapy. Eur. J.
Inorg. Chem. 646–652.

163 Lin, L., Shi, Q., Nyarko, A. K., Bastow, K. F., Wu, C. C., Su,
C. Y., Shih, C. C. and Lee, K. H. (2006) Antitumor
agents. 250. Design and synthesis of new curcumin analogues
as potential anti-prostate cancer agents. J. Med. Chem. 49,
3963–3972.

164 Ohtsu, H., Xiao, Z., Ishida, J., Nagai, M., Wang, H. K.,
Itokawa, H., Su, C. Y., Shih, C., Chiang, T., Chang, E., Lee,
Y., Tsai, M. Y., Chang, C. and Lee, K. H. (2002) Antitumor
agents. 217. Curcumin analogues as novel androgen receptor
antagonists with potential as anti-prostate cancer agents.
J. Med. Chem. 45, 5037–5042.

165 Adams, B. K., Ferstl, E. M., Davis, M. C., Herold, M.,
Kurtkaya, S., Camalier, R. F., Hollingshead, M. G., Kaur,
G., Sausville, E. A., Rickles, F. R., Snyder, J. P., Liotta, D. C.
and Shoji, M. (2004) Synthesis and biological evaluation of
novel curcumin analogs as anti-cancer and anti-angiogenesis
agents. Bioorg. Med. Chem. 12, 3871–3883.

166 Nakano, K., Nakayachi, T., Yasumoto, E., Morshed, S. R.,
Hashimoto, K., Kikuchi, H., Nishikawa, H., Sugiyama, K.,
Amano,O., Kawase,M. and Sakagami,H. (2004) Induction of
apoptosis by beta-diketones in human tumor cells. Anticancer
Res. 24, 711–717.

167 Benassi, R., Ferrari, E., Grandi, R., Lazzari, S. and Saladini,
M. (2007) Synthesis and characterization of new beta-diketo
derivatives with iron chelating ability. J. Inorg. Biochem. 101,
203–213.

168 Woo, H. B., Shin, W. S., Lee, S. and Ahn, C. M. (2005)
Synthesis of novel curcumin mimics with asymmetrical units
and their anti-angiogenic activity. Bioorg. Med. Chem.
Lett. 15, 3782–3786.

169 Dinkova-Kostova, A. T. and Talalay, P. (1999) Relation of
structure of curcumin analogs to their potencies as inducers of
Phase 2 detoxification enzymes. Carcinogenesis 20, 911–914.

170 Mohammadi, K., Thompson, K. H., Patrick, B. O., Storr, T.,
Martins, C., Polishchuk, E., Yuen, V. G., McNeill, J. H. and
Orvig, C. (2005) Synthesis and characterization of dual
function vanadyl, gallium and indium curcumin complexes
for medicinal applications. J. Inorg. Biochem. 99, 2217–2225.

171 Thompson, K. H., Bohmerle, K., Polishchuk, E., Martins, C.,
Toleikis, P., Tse, J., Yuen, V., McNeill, J. H. and Orvig, C.
(2004) Complementary inhibition of synoviocyte, smooth
muscle cell or mouse lymphoma cell proliferation by a
vanadyl curcumin complex compared to curcumin alone.
J. Inorg. Biochem. 98, 2063–2070.

172 Vajragupta, O., Boonchoong, P. and Berliner, L. J. (2004)
Manganese complexes of curcumin analogues: Evaluation of
hydroxyl radical scavenging ability, superoxide dismutase
activity and stability towards hydrolysis. Free Radic. Res. 38,
303–314.

173 Sumanont, Y., Murakami, Y., Tohda, M., Vajragupta, O.,
Matsumoto, K. and Watanabe, H. (2004) Evaluation of the
nitric oxide radical scavenging activity of manganese com-
plexes of curcumin and its derivative. Biol. Pharm. Bull. 27,
170–173.

174 Bernabe-Pineda, M., Ramirez-Silva, M. T., Romero-Romo,
M. A., Gonzalez-Vergara, E. and Rojas-Hernandez, A.
(2004) Spectrophotometric and electrochemical determina-
tion of the formation constants of the complexes Curcumin-
Fe(III)-water andCurcumin-Fe(II)-water. Spectrochim.Acta
A Mol. Biomol. Spectrosc. 60, 1105–1113.

175 Borsari, M., Ferrari, E., Grandi, R. and Saladini, M. (2002)
Curcuminoids as potential new iron-chelating agents: Spec-
troscopic, polarographic and potentiometric study on their
Fe(III) complexing ability. Inorg. Chim. Acta 328, 61–68.

176 Ahsan, H. and Hadi, SM. (1998) Strand scission in DNA
induced by curcumin in the presence of Cu(II). Cancer
Lett. 124, 23–30.

177 Barik, A., Mishra, B., Kunwar, A., Kadam, R. M., Shen, L.,
Dutta, S., Padhye, S., Satpati, A. K., Zhang, H.-Y. and Indira
Priyadarsini, K. (2007) Comparative study of copper(II)-
curcumin complexes as superoxide dismutasemimics and free
radical scavengers. Eur. J. Med. Chem. 42, 431–439.

178 Barik, A., Mishra, B., Shen, L., Mohan, H., Kadam, R. M.,
Dutta, S., Zhang, H. Y. and Priyadarsini, K. I. (2005) Evalua-
tion of a new copper(II)-curcumin complex as superoxide
dismutase mimic and its free radical reactions. Free Radic.
Biol. Med. 39, 811–822.

179 John, V. D. andKrishnankutty, K. (2005) Synthesis, character-
ization and antitumour activities of some synthetic curcumi-
noid analogues and their copper complexes. Transition Metal
Chem. 30, 229–233.

180 Mehrotra, R. C., Bohra, R. and Gaur, D. P. (1978) Metal b-
Diketonates and Allied Derivatives, Academic Press, Lon-
don.

181 Kunchandy, E. and Rao, M. N. A. (1989) Effect of curcumin
on hydroxyl radical generation through Fenton reaction. Int.
J. Pharm. 57, 173–176.

20 H. Hatcher et al. A critical review of curcumin



182 Toennesen, H. H. and Greenhill, J. V. (1992) Studies on
curcumin and curcuminoids. XXII: Curcumin as a reducing
agent and as a radical scavenger. Int. J. Pharm. 87, 79–87.

183 Ahsan, H., Parveen, N., Khan, N. U. and Hadi, S. M. (1999)
Pro-oxidant, anti-oxidant and cleavage activities on DNA of
curcumin and its derivatives demethoxycurcumin and bisde-
methoxycurcumin. Chem. Biol. Interact. 121, 161–175.

184 Antunes, L. M. G., Araujo, M. C. P., da Luz Dias, F. and
Takahashi, C. S. (2005) Effects of H2O2, Fe

2+ and Fe3+ on
curcumin-induced chromosomal aberrations in CHO cells.
Genet. Mol. Biol. 28, 161–164.

185 Patro, B. S., Rele, S., Chintalwar, G. J., Chattopadhyay, S.,
Adhikari, S. and Mukherjee, T. (2002) Protective activities of
some phenolic 1,3-diketones against lipid peroxidation:
Possible involvement of the 1,3-diketone moiety. ChemBio-
Chem 3, 364–370.

186 Jovanovic, S., Boone, C. W., Steenken, S., Trinoga, M. and
Kaskey, R. B. (2001)How curcumin works preferentially with
water soluble antioxidants. J. Am. Chem. Soc. 123, 3064–
3068.

187 Jovanovic, S. V., Steenken, S., Boone, C. W. and Simic, M. G.
(1999) H-atom transfer is a preferred antioxidant mechanism
of curcumin. J. Am. Chem. Soc. 121, 9677–9681.

188 Wright, J. S. (2002) Predicting the antioxidant activity of
curcumin and curcuminoids. J. Mol. Struct. (Theochem) 591,
207–217.

189 Litwinienko, G. and Ingold, K. U. (2004) Abnormal solvent
effects on hydrogen atom abstraction. 2. Resolution of the
curcumin antioxidant controversy. The role of sequential
proton loss electron transfer. J. Org. Chem. 69, 5888–5896.

190 Litwinienko, G. and Ingold, K. U. (2007) Solvent effects on
the rates and mechanisms of reaction of phenols with free
radicals. Acc. Chem. Res. 40, 222–230.

191 Jiao,Y.,Wilkinson, J. 4th, Pietsch,E. C., Buss, J. L.,Wang,W.,
Planalp, R., Torti, F. M. and Torti, S. V. (2006) Iron chelation
in the biological activity of curcumin. Free Radic. Biol.
Med. 40, 1152–1160.

192 Torti, F. M. and Torti, S. V. (2002) Regulation of ferritin genes
and protein. Blood 99, 3505–3516.

193 Lal, B.,Kapoor,A. K.,Asthana,O. P.,Agrawal, P. K., Prasad,
R., Kumar, P. and Srimal, R. C. (1999) Efficacy of curcumin in
the management of chronic anterior uveitis. Phytother.
Res. 13, 318–322.

194 Lal, B., Kapoor, A. K., Agrawal, P. K., Asthana, O. P. and
Srimal, R. C. (2000) Role of curcumin in idiopathic inflam-
matory orbital pseudotumours. Phytother. Res. 14, 443–447.

195 Satoskar, R., Shah, S. J. and Shenoy, S. G. (1986) Evaluation
of antiinflammatory property of curcumin (diferuloylme-
thane) in patients with postoperative inflammation. Int. J.
Clin. Pharmacol. Ther. Toxicol. 24, 651–654.

196 Kuttan, R., Sudheeran, P. C. and Josph, C. D. (1987) Turmeric
and curcumin as topical agents in cancer therapy. Tumori 73,
29–31.

197 Dhillon, N., Wolff, R. A., Abbruzzese, J. L., Hong, D.,
Camacho, L., Li, L., Braiteh, F. and Kurzrock, R. (2006)
Phase II clinical trial of curcumin in patients with advanced
pancreatic cancer: 2006 ASCOAnnual Meeting Proceedings.
J. Clin. Oncol. 24, 14151.

198 Lao, C. D.,Ruffin,M. T.,Normolle,D.,Heath,D. D.,Murray,
S. I., Bailey, J. M., Boggs, M. E., Crowell, J., Rock, C. L. and
Brenner, D. E. (2006) Dose escalation of a curcuminoid
formulation. BMC Complement Altern. Med. 6, 10.

199 Sharma, R. A., Euden, S. A., Platton, S. L., Cooke, D. N.,
Shafayat, A., Hewitt, H. R., Marczylo, T. H., Morgan, B.,
Hemingway, D., Plummer, S. M., Pirmohamed, M., Gescher,
A. J. and Steward, W. P. (2004) Phase I clinical trial of oral
curcumin: Biomarkers of systemic activity and compliance.
Clin. Cancer Res. 10, 6847–6854.

200 Shankar, T., Shantha, N. V., Ramesh, H. P., Murthy, I. A. and
Murthy, V. S. (1980) Toxicity studies on turmeric (Curcuma
longa): Acute toxicity studies in rats, guinea pigs and
monkeys. Indian J. Exp. Biol. 18, 73–75.

201 Soni, K. and Kuttan, R. (1992) Effect of oral curcumin
administration on serum peroxides and cholesterol levels in
human volunteers. Indian J. Physiol. Pharmacol. 36, 273–275.

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

203 Sharma, R. A., McLelland, H. R., Hill, K. A., Ireson, C. R.,
Euden, S. A.,Manson,M. M., Pirmohamed,M.,Marnett, L. J.,
Gescher,A. J. andSteward,W. P. (2001)Pharmacodynamicand
pharmacokinetic study of oral Curcuma extract in patients with
colorectal cancer. Clin. Cancer Res. 7, 1894–1900.

204 Plummer, S. M., Hill, K. A., Festing, M. F., Steward, W. P.,
Gescher, A. J. and Sharma, R. A. (2001) Clinical develop-
ment of leukocyte cyclooxygenase 2 activity as a systemic
biomarker for cancer chemopreventive agents. Cancer Epi-
demiol. Biomarkers Prev. 10, 1295–1299.

205 Tohda, C., Nakayama, N., Hatanaka, F. and Komatsu, K.
(2006) Comparison of anti-inflammatory activities of six
Curcuma rhisomes: A possible curcuminoid-independent
pathway mediated by Curcuma phaeocaulis extract. Evid.
Based Complement Altern. Med. 3, 255–260.

206 Tayyem, R. F., Heath, D. D., Al-Delaimy, W. K. and Rock
C. L. (2006)Curcumin content of turmeric and curry powders.
Nutr. Cancer 55, 126–131.

207 Jayaprakasha, G. K., Jagan Mohan Rao, L. and Sakariah,
K. K. (2002) Improved HPLC method for the determination
of curcumin, demethoxycurcumin, and bisdemethoxycurcu-
min. J. Agric. Food Chem. 50, 3668–3672.

208 Garcea, G., Jones, D. J., Singh, R., Dennison, A. R., Farmer,
P. B., Sharma,R. A., Steward,W. P., Gescher, A. J. andBerry,
D. P. (2004) Detection of curcumin and its metabolites in
hepatic tissue and portal blood of patients following oral
administration. Br. J. Cancer 90, 1011–1015.

209 Joe, B. and Lokesh, B. R. (2000) Dietary n-3 fatty acids,
curcumin and capsaicin lower the release of lysosomal
enzymes and eicosanoids in rat peritoneal macrophages.
Mol. Cell. Biochem. 203, 153–161.

210 South, E. H., Exon, J. H. and Hendrix, K. (1997) Dietary
curcumin enhances antibody response in rats. Immunophar-
macol. Immunotoxicol. 19, 105–119.

211 Lim, G. P., Chu, T., Yang, F., Beech, W., Frautschy, S. A. and
Cole, G. M. (2001) The curry spice curcumin reduces oxida-
tive damage and amyloid pathology in an Alzheimer trans-
genic mouse. J. Neurosci. 21, 8370–8377.

212 Ram, A., Das, M. and Ghosh, B. (2003) Curcumin attenuates
allergen-induced airway hyperresponsiveness in sensitized
guinea pigs. Biol. Pharm. Bull. 26, 1021–1024.

213 Reyes-Gordillo, K., Segovia, J., Shibayama, M., Vergara, P.,
Moreno, M. G. and Muriel, P. (2007) Curcumin protects
against acute liver damage in the rat by inhibitingNF-kappaB,
proinflammatory cytokines production and oxidative stress.
Biochim. Biophys. Acta 1770, 989–996.

214 Chuang, S. E., Kuo, M. L., Hsu, C. H., Chen, C. R., Lin, J. K.,
Lai, G. M., Hsieh, C. Y. and Cheng, A. L. (2000) Curcumin-
containing diet inhibits diethylnitrosamine-induced murine
hepatocarcinogenesis. Carcinogenesis 21, 331–5.

215 Corona-Rivera, A., Urbina-Cano, P., Bobadilla-Morales, L.,
Vargas-Lares, Jde J., Ramirez-Herrera, M. A., Mendoza-
Magaua, M. L., Troyo-Sanroman. R., Diaz-Esquivel, P.,
Corona-Rivera, J. R. (2007) Protective in vivo effect of
curcumin on copper genotoxicity evaluated by comet and
micronucleus assays. J. Appl. Genet. 48, 389–396.

216 Manjunatha, H. and Srinivasan, K. (2007) Hypolipidemic and
antioxidant effects of dietary curcumin and capsaicin in
induced hypercholesterolemic rats. Lipids 42, 1133–1142.

217 Farombi, E. O. and Ekor, M. (2006) Curcumin attenuates
gentamicin-induced renal oxidative damage in rats. Food
Chem. Toxicol. 44, 1443–1448.

Cell.Mol. Life Sci. Review Article 21



218 Rasyid, A. and Lelo, A. (1999) The effect of curcumin and
placebo on human gall-bladder function: An ultrasound
study. Aliment. Pharmacol. Ther. 13, 245–249.

219 Sakano, K. and Kawanishi, S. (2002) Metal-mediated DNA
damage induced by curcumin in the presence of human
cytochrome P450 isozymes. Arch. Biochem. Biophys. 405,
223–230.

220 Yoshino, M., Haneda, M., Naruse, M., Htay, H. H., Tsubou-
chi, R., Qiao, S. L., Li, W. H., Murakami, K. and Yokochi, T.
(2004) Prooxidant activity of curcumin: Copper-dependent
formation of 8-hydroxy-2�-deoxyguanosine in DNA and
induction of apoptotic cell death. Toxicol. In Vitro 18, 783–
789.

221 Strasser, E. M., Wessner, B., Manhart, N. and Roth, E. (2005)
The relationship between the anti-inflammatory effects of
curcumin and cellular glutathione content inmyelomonocytic
cells. Biochem. Pharmacol. 70, 552–559.

222 Urbina-Cano, P., Bobadilla-Morales, L., Ramirez-Herrera,
M. A., Corona-Rivera, J. R., Mendoza-Magana, M. L.,
Troyo-Sanroman, R. and Corona-Rivera, A. (2006) DNA
damage in mouse lymphocytes exposed to curcumin and
copper. J. Appl. Genet. 47, 377–382.

223 Polasa,K., Naidu,A. N., Ravindranath, I. andKrishnaswamy,
K. (2004) Inhibition of B(a)P induced strand breaks in
presence of curcumin. Mutat. Res. 557, 203–213.

224 Nair, J., Strand, S., Frank, N., Knauft, J., Wesch, H., Galle,
P. R. and Bartsch, H. (2005) Apoptosis and age-dependant
induction of nuclear andmitochondrial etheno-DNA adducts
in Long-Evans Cinnamon (LEC) rats: Enhanced DNA
damage by dietary curcumin upon copper accumulation.
Carcinogenesis 26, 1307–1315.

225 Frank, N., Knauft, J., Amelung, F., Nair, J., Wesch, H. and
Bartsch, H. (2003) No prevention of liver and kidney tumors
in Long-Evans Cinnamon rats by dietary curcumin, but
inhibition at other sites and of metastases. Mutat. Res. 523–
524, 127–135.

226 Moos, P. J., Edes, K., Mullally, J. E. and Fitzpatrick, F. A.
(2004) Curcumin impairs tumor suppressor p53 function in
colon cancer cells. Carcinogenesis 25, 1611–1617.

227 Somasundaram, S., Edmund, N. A., Moore, D. T., Small,
G. W., Shi, Y. Y. andOrlowski, R. Z. (2002)Dietary curcumin
inhibits chemotherapy-induced apoptosis inmodels of human
breast cancer. Cancer Res. 62, 3868–3875.

228 Goel, A., Kunnumakkara, A. B. and Aggarwal, B. B. (2008)
Curcumin as ”Curecumin”: From kitchen to clinic. Biochem.
Pharmacol. 75, 787–809.

To access this journal online:

http://www.birkhauser.ch/CMLS

22 H. Hatcher et al. A critical review of curcumin

http://www.birkhauser.ch/CMLS

