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Development and progression of many malignancies, including
colorectal cancer, are associated with activation of multiple sig-
naling pathways. Therefore, inhibition of these signaling pathways
with noncytotoxic natural products represents a logical preven-
tive and/or therapeutic approach for colon cancer. Curcumin and
resveratrol, both of which inhibit the growth of transformed cells
and colon carcinogenesis, were selected to examine whether com-
bining them would be an effective preventive and/or therapeutic
strategy for colon cancer. Indeed, the combination of curcumin and
resveratrol was found to be more effective in inhibiting growth of
p53-positive (wt) and p53-negative colon cancer HCT-116 cells in
vitro and in vivo in SCID xenografts of colon cancer HCT-116 (wt)
cells than either agent alone. Analysis by Calcusyn software showed
synergism between curcumin and resveratrol. The inhibition of tu-
mors in response to curcumin and/or resveratrol was associated
with the reduction in proliferation and stimulation of apoptosis ac-
companied by attenuation of NF-κB activity. In vitro studies have
further demonstrated that the combinatorial treatment caused a
greater inhibition of constitutive activation of EGFR and its fam-
ily members as well as IGF-1R. Our current data suggest that
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the combination of curcumin and resveratrol could be an effective
preventive/therapeutic strategy for colon cancer.

INTRODUCTION
Despite recent advances in medicine, mortality from col-

orectal cancer, the third most common cancer worldwide, still
remains unacceptably high (1). Therefore, the need to develop
novel alternative preventive and therapeutic strategies remains
an important goal. Recent advances in molecular pathogene-
sis of cancer have aided in formulating both preventive and/or
therapeutic strategies.

Accumulating evidence suggests that many solid tumors
show upregulation or constitutive activation of multiple signal-
ing pathways, including EGFR and its family members ErbB-
2/HER-2, ErbB-3/HER-3, and ErbB-4/HER-4 (referred to as
EGFRs) as well as insulin-like growth factor-1 receptor (IGF-
1R) that promote growth, angiogenesis, and metastasis (2–6).
Therefore, inhibition of these signaling pathways requires a
multitargeted approach. Noncytotoxic natural products (dietary
ingredients) represent a logical chemopreventive and/or thera-
peutic approach for colorectal cancer because many of them
exhibit pleiotropic properties (multitargeting agents).
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Curcumin (diferuloylmethane), the major active ingredient
of turmeric (curcuma longa) with no discernable toxicity, has
been shown to inhibit the growth of transformed cells (7–9)
and colon carcinogenesis at the initiation, promotion, and pro-
gression stages in carcinogen-induced rodent models (10–12).
Curcumin has been shown to prevent the development of in-
testinal adenomas in Min+/− mice, a model of human familial
adenomatous polyposis (13). In a Phase-I clinical trial, curcumin
has been shown to inhibit the growth of a variety of tumors (14).
With respect to the mechanisms of its action, it has been re-
ported that curcumin inhibits EGFR activation in colon cancer
cells (15). More recently, we have demonstrated that curcumin
not only inhibits the activation of EGFR and its family members
but also IGF-1R in colon cancer HCT-116 cells, leading to in-
hibition of the DNA binding activity of NF-κB (16). Activation
of NF-κB is known to increase cell survival and causes re-
sistance to apoptosis by many conventional chemotherapeutics
(17–19). Therefore, inhibition of NF-κB activity through atten-
uation of EGFRs and IGF-1R signaling pathways by the combi-
nation therapy of curcumin and other nontoxic agent(s) provides
a logical preventive and therapeutic approach for colorectal
cancer.

Like curcumin, resveratrol (3,5,4′-trihtdroxy-trans-stilbene),
a phytoalexin produced by more than 70 different plant species
including grapes and peanuts, has also been shown to inhibit
the processes of carcinogenesis at different stages of initiation,
promotion, and progression (20,21). Resveratrol has also been
found to be an effective chemopreventive agent for colorectal
cancer (22). It inhibits the development of carcinogen-induced
preneoplastic lesion aberrant crypt foci (ACF) in the mouse
colon and suppresses intestinal tumor (adenomas) formation in
Min+/- mice (22–24). In the colon, the growth inhibitory proper-
ties of resveratrol are thought to be primarily due to induction of
apoptosis (20,25). However, the detailed regulatory mechanisms
for resveratrol-induced inhibition of cellular growth remain to
be fully delineated.

It is becoming increasingly clear that in most malignancies,
multiple pathways become dysfunctional. Therefore, it is likely
that the maximal and most durable preventive and/or thera-
peutic benefit against tumor development could be achieved
with combination therapies that will affect several targets.
We hypothesize that combining curcumin with resveratrol,
both of which are nontoxic to humans—and they are clas-
sified as multitargeting agents—will provide a better preven-
tive/therapeutic outcome for colorectal cancer than either agent
alone. The current investigation was undertaken to test this hy-
pothesis. Herein, we demonstrate that the combination of cur-
cumin and resveratrol causes a greater inhibition of growth of
colon cancer cells in vitro and tumor growth of colon cancer
xenografts in SCID mice than either agent alone. This inhi-
bition could partly be attributed to attenuation of EGFRs and
IGF-1R signaling pathways leading to the inhibition of NF-κB
activity.

METHODS AND MATERIALS

Cell Lines and Cell Cultures
Human colon cancer HCT-116 [p53+/+ or HCT-116 (wt)

and HT-29] cells were obtained from the American Type Cul-
ture Collection (Rockville, MD). HCT-116 (p53−/−) cells were
obtained from Dr. Ping Dou at Karmanos Cancer Institute. The
cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) in tissue culture flasks in a humidified incubator at
37◦C in an atmosphere of 95% air and 5% CO2. Medium was
supplemented with 10% FBS and 1% antibiotic/antimycotic.
Medium was changed 3 times a week, and cells were passaged
using trypsin/EDTA. Curcumin and resveratrol were purchased
from Sigma Chemical Co. (St. Louis, MO). Curcumin was dis-
solved in 100% ethanol and subsequently diluted with the tissue
culture medium. Resveratrol was dissolved in DMSO and sub-
sequently diluted with the culture medium (final DMSO con-
centration for experiments was 0.05%).

Growth Inhibition Assay
Inhibition of cell growth in response to curcumin and/or

resveratrol ERRP was assessed by 3-(4, 5-dimethylthiazol-2yl)-
2, 5-diphenyltetrazolium bromide (MTT) assay as described
previously (16,26). Briefly, cells were dispersed by trypsin-
EDTA treatment and 2.5 × 104 cells/ml, resuspended in DMEM
containing 10% FBS, and seeded into 96-wells culture plates
with 6 replicates. After 24 h of plating, incubation was contin-
ued for another 48 h in absence (control) or presence of different
testing agents as described in the legends to the figures. At the
end of the 48 h incubation period, the reaction was terminated
by adding 20 µl of 5 mg/ml stock of MTT to each well. The re-
action was allowed to proceed for 3 to 4 h at 37◦C. The culture
medium was then removed. The formazan crystals were then
dissolved by adding 0.1 ml of dimethyl sulfoxide (DMSO). The
intensity of the color developed, which is the reflection of num-
ber of live cells, was measured at a wavelength of 570 nm. All
values were compared to the corresponding controls. All assays
were performed with 6 replicates.

Analysis of Interaction Between Curcumin and
Resveratrol

Calcusyn software program (Biosoft, Ferguson, MO), based
on the Chou–Talalay method, was employed to determine the
nature of interaction between the two agents. This method uti-
lizes a multiple drug-effect equation derived from enzyme ki-
netics model in which the output is represented as combination
indexes (CI) and/ or isobologram analysis. Calcusyn software
defines synergy as CI value less than 1. Based on CI values, the
extent of synergism/antagonism may be determined. In brief, CI
values between 0.9 and 0.85 would suggest a moderate synergy,
whereas those in the range of 0.7 to 0.3 are indicative of clear
synergistic interactions between the drugs. On the other hand,
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CI values in the range of 0.9 to 1.10 suggest a near additive
effect. The Chou–Talalay equation is also utilized to perform
isobologram analysis as represented by isobole for ED75.

Assessment of Apoptosis
Approximately 1 × 105 cells/well were plated in DMEM

with 10% FBS. After 24 h of plating, the medium was changed
to contain 2.5% FBS to minimize the contribution of serum-
derived growth factors and subsequently treated the same way
as described above for growth inhibition study. At the end
of the incubation period, the cells were lysed, and the lev-
els of apoptosis were determined using the Cell Death Detec-
tion ELISAPLUS kit from Roche Diagnostics GmbH (Penzberg,
Germany), which measures the cytoplasmic histone-associated-
DNA-fragments (mononucleosomes and oligonucleosomes).
Western blot analysis was performed essentially according to
our standard protocol(26,27). Briefly, the cells were solubilized
in lysis buffer [50 mM Tris; 100 mM NaCl; 2.5 mM EDTA; 1%
Triton X-100; 1% Nonidet P-40; 2.5 mM Na3VO4; 25 µg/ml
aprotinin; 25 µg/ml leupeptin; 25 µg/ml pepstatin A; and 1 mM
phenylmethylsulfonyl fluoride (PMSF)]). Following clarifica-
tion at 10,000 g for 15 min, the supernatant was used for Western
blot analysis. In all analyses, protein concentration, determined
by the Bio-Rad Protein Assay kit (Bio-Rad, Hercules, CA), was
standardized among the samples. Aliquots of cell lysates con-
taining 50 µg of protein were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Fol-
lowing electrophoresis, proteins were transferred electrophoret-
ically onto supported nitrocellulose membranes (Osmonics,
Gloucester, MA). Membranes were incubated for 1 h at room
temperature with blocking buffer, TBS-T (20 mM Tris, pH
7.6, 100 nM NaCl, 0.1% Tween-20) and 5% nonfat dry milk
with gentle agitation. After washing the membranes with TBS-
T, they were incubated overnight at 4◦C in TBS-T buffer
containing 5% milk and with one of the following antibod-
ies (1:1000 dilution): phospho-EGFR (Tyr1173), phospho-ErbB-
2/HER-2 (Tyr1121), phospho-ErbB-3/HER-3 (Tyr1289), IGF-
1R, IGFBP-3, Akt (Ser473)) or COX-2. The membranes were
washed 3 times with TBS-T and subsequently incubated with
appropriate secondary antibodies (1:5000 dilutions) in TBS-
T containing 5% milk for 2 h at room temperature with
gentle agitation. The membranes were washed again with
TBS-T, and the protein bands were visualized by enhanced
chemiluminescence (ECL) detection system (Amersham,
Buckinghamshire, England). The membranes containing the
electrophoresed proteins were exposed to X-Omat film, and the
signals were quantitated by densitometry using Image Quant
image analysis system (Storm Optical Scanner, Molecular Dy-
namics, Sunnyvale, CA). Membranes were stripped (2 × for
15 min at 55◦C) in stripping buffer containing 100 mM 2-
mercaptoethanol, 2% sodium dodecyl sulfate, and 62.5 mM
Tris-HCl pH 6.7. The membranes were then reprobed for the lev-
els of total (nonphosphorylated) EGFR, ErbB-2, ErbB-3, Akt, or

β-actin using corresponding antibodies. All Western blots were
performed at least 3 times for each experiment. In experiments in
which proteins were immunoprecipitated, cell lysates contain-
ing 1 mg protein were incubated for 24 h at 4◦C under constant
stirring with appropriate antibodies and protein-G-Sepharose
beads. The beads were initially washed twice with TT buffer
(50 mM Tris, pH 7.6, 0.15M NaCl, 0.5% Tween 20) and sus-
pended in TTA buffer (TT buffer + 0.1% BSA). The incubation
was conducted in a total volume of 0.7 ml TTA buffer that con-
tained 5 µl antibody and 60 µl of the protein-G Sepharose beads.
Following incubation, the immunoprecipitares were washed 6
times with TT buffer and subjected to Western blot analysis as
described above. In the current investigation, the immuoprecip-
itates containing IGFBP-3 were subjected Western blot analysis
with IGF-1. All immunoblots were scanned by HP Precision Pro
3.13 (Hewlett-Packard, Palo Alto, CA). Densitometric measure-
ments of the scanned bands were performed using the digitized
scientific software program UN-SCNAT. Data were normalized
to β-actin.

HCT-116 Cells Xenografts
Female homozygous ICR SCID mice, 6 wk old, were pur-

chased from Taconic Farms (Germantown, NY). The mice were
housed and maintained under sterile conditions in facilities ac-
credited by the American Association for the Accreditation of
Laboratory Animal Care and in accordance with current regula-
tions and standards of the United States Department of Agricul-
ture, United States Department of Health and Human Services,
and the National Institute of Health. The mice were used in ac-
cordance with the Animal Care and Use Guidelines of Wayne
State University under the protocol approved by the Institu-
tional Animal Care and Use Committee. The mice received
Lab Diet 5021 (Purina Mills, Inc., Richmond, IN) ad libitum
throughout the experimental period. After 1 wk of acclimatiza-
tion, the animals were used for our study. HCT-116 cells were
harvested from subconfluent cultures after a brief exposure to
0.25% trypsin and 0.2% EDTA. Trypsinization was stopped by
adding medium containing 10% FBS. The cells were washed
once in serum free medium and resuspended in PBS. Only sus-
pensions consisting of a single cell >95% viability was used for
the injections. Three million cells in 100 µl serum-free RPMI
media were injected subcutaneously by a 27-gauge needle into
the right and left flanks of each mice. In accordance with pre-
viously published reports, we found 100% of mice to develop
tumor. After the tumors were established (50–75 mm3),as deter-
mined by caliper measurements (15th day after cancer cell in-
jection), the mice were randomized into the following 4 groups
(n = 6): (a) vehicle control; (b) only curcumin—500 mg/kg
body wt by gavage every day for 3 wk; (c) resveratrol—150
mg/kg body weight administered by gavage every day for 3 wk;
and (d) Curcumin plus resveratrol, following a similar sched-
ule as described for individual drug treatment. The rationale
for using the current doses of curcumin and resveratrol were
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based on the observations by others that similar doses of these
agents caused a significant reduction in tumor growth in mice
(28,29). Tumor growth deduced as volume of the tumor in each
group was determined by twice weekly caliper measurements.
The body weight of mice in each group was also measured.
All mice were euthanized one day following the last dose of
treatment (3 wk) when the tumor volume in the control mice
reached approximately 1500 mm3. The final body weight and
tumor volume were recorded. On autopsy, the tumor was neatly
excised and free of any extraneous adhering tissue. One part of
the tissue was fixed in formalin for routine hemotoxylin-eosin
(H&E) staining, and another part was rapidly frozen in liquid
nitrogen and stored at –70◦C and subsequently used for prepa-
ration of nuclear protein extracts. H&E staining confirmed the
presence of tumor.

Determination of Mitotic Index (MI)
The formalin-fixed tissues were embedded into paraffin, sub-

sequently sectioned at 4 to 5 micron, and subjected to H&E
staining. Number of cells undergoing mitosis in at least 10 dif-
ferent areas of each slide and 5 slides from each sample were
examined in a blinded manner. At least 750 cells/slide were
counted using X-40 objective. The labeling index (LI) was cal-
culated as the number of total labeled cells × 100/total cells per
high power focus.

Determination of Apoptosis by TUNEL Assay
Paraffin-embedded tissues were sections as described above,

and the TUNEL assay was performed to detect apoptotic cells
using the in situ cell Death Detection kit from Roche Ap-
plied Science (Indianapolis, IN) according to the manufacturer’s
instructions as described previously. 3-amino-9-ethylcarbazole
was used as chromagen, and the sections were counterstained
with hematoxylin. Apoptotic cell nuclei appeared as red stained
structures against a blue-violet background. Mucosal areas of
all stained tissues were measured with a 100 division eyepiece
reticule and 10× objective. The apoptotic cells within the mu-
cosa of each section were counted.

Tumor Tissue Nuclear Protein Extraction and EMSA
Randomly selected harvested tumor tissue from each group

of experimental mice were homogenized using Dounce homog-
enizer (Kontes Co., Vineland, NJ) containing 0.3 ml of ice-cold
buffer A [composed of 10 mM HEPES (pH 7.9), 10 mM KCl, 2
mM MgCI2, 1 mM DTT, 0.1 mM EDTA, and 0.1 mM PMSF].
The homogenized tissue was incubated in ice for 30 min fol-
lowed by lysis with 10% NP-40 solution and centrifuging at
5,000 g at 4◦C for 5 min. The crude nuclear pellet was washed
in buffer A and suspended in 50 µl of ice cold nuclear extrac-
tion buffer B (50 mM HEPES, pH 7.9; 50 mM KCl; 300 mM
NaCl; 1 mM DTT; 0.1 mM EDTA; 0.1 mM PMSF; 4µM le-
upeptidin; and glycerol 20%) and incubated on ice for 60 min
with intermittent vortexing. The suspension was centrifuged at

16,000 g at 4◦C for 10 min. The supernatant (nuclear proteins)
was collected and kept at –70◦C until use. The protein con-
centration was determined using the bicinchoninic acid assay
kit with BSA as the standard (Pierce Chemical Co., Rockford,
IL). Anti-Rb immunoblotting with nuclear proteins was done as
loading control.

Statistical Analysis
Data are represented as mean ± SEM for the absolute val-

ues as indicated in the vertical axis legend of Fig. 1. The
statistical significance of differential findings between exper-
imental groups and control was determined by Student’s t-test
as implemented by Excel 2000 (Microsoft Corp., Redmond,
WA). P values smaller than 0.05 were considered statistically
significant.

RESULTS
Curcumin together with resveratrol causes a greater inhibi-

tion of growth of colon cancer cells in vitro than either agent
alone. The primary goal of this investigation was to determine
whether combining curcumin with resveratrol would be a better
preventive/therapeutic outcome. As a first step in accomplishing
this goal, we examined the effects of incremental doses of each
agent alone or in combination on the growth of colon cancer
HCT-116 cells. The data obtained from this study were plotted
for analysis of synergism by combination index (CI) method.

As shown in Fig. 1A, fraction of HCT-116 cells affected
by curcumin and/or resveratrol increased in a dose-dependent
manner. However, the fraction of cells affected by the combina-
tion of both was found to be greater than either agent alone. To
elucidate whether the greater fraction of cells affected by com-
bination therapy could be due to synergism, median effect anal-
ysis was carried out using the Calcusyn software program. The
combination index (CI) for curcumin and resveratrol treatment
was found to be below 1 at all the combination concentrations
used in this study. This suggests that the interaction between the
two agents at each concentration is synergistic (Table 1). From
this analysis, it became evident that the degree of synergism is
greater with concentrations of curcumin and resveratrol below
20 µM. Further, isobologram analysis shows synergism between
the two agents for different effects. The isobole for ED75 shows
that the combination of curcumin and resveratrol is below the
line of additivity indicating synergism (Fig. 1B). All subsequent
experiments were carried out using 10 µM curcumin and 10 µM
of resveratrol.

Earlier, we reported that curcumin inhibits the growth of
both HCT-116 and HT-29 cells, which are p53 positive and
p53 mutant, respectively, suggesting that the growth inhibitory
properties of curcumin are independent of p53 status. To fur-
ther determine whether and to what extent the p53 status of
colon cancer cells would affect the growth inhibitory proper-
ties of curcumin and/or resveratrol, we examined the effects
of these agents, each alone or in combination, on the growth
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FIG. 1. A: Typical dose-response curves produced by fixed-ratio method. Fraction of HCT-116 (wt) cells affected by different combination of curcumin and
resveratrol (fixed ratio) is higher than either agent alone. Fa represents the fraction of cells that is growth inhibited in response to curcumin and/or resveratrol.
This is calculated as 1 – fraction of surviving cells. Fa values for each treatment were utilized to conduct synergy analysis by Calcusyn software as described in
Methods and Materials. B: The isobole for ED75, as analyzed using the Calcusyn software, shows that the combination of curcumin and resveratrol is below the
line of additivity indicating synergism.

of HCT-116 cells containing either p53 (p53+/+) or devoid of
p53 (p53−/−). We found both agents to inhibit growth of p53
positive and p53 negative HCT116 cells (Fig. 2A). However,
whereas curcumin and resveratrol, each alone, caused a 15–30%
reduction in growth of both the p53-positive and p53-negative
HCT-116 cells, the combination of curcumin and resveratrol
produced a 40% inhibition of the same when compared with
the controls (Fig. 2A). The results suggest that the growth in-
hibitory properties of curcumin and resveratrol are independent
of p53 status. All subsequent experiments were carried out with
HCT-116 (wt) cells.

The next experiment was carried out to determine whether
the comparatively greater inhibition of colon cancer cell growth
in response to the combinatorial treatment of curcumin and

TABLE 1
Synergistic effects of curcumin with resveratrol on growth of

colon cancer HCT-116 cellsa

Fraction of Cells Affected (FA)

Curcumin +
Dose (µM) Curcumin Resveratrol Resveratrol CI

2.5 0.10 0.15 0.29 0.43
5.0 0.20 0.16 0.33 0.70

10.0 0.48 0.16 0.47 0.82
20.0 0.58 0.19 0.66 0.84
40.0 0.78 0.35 0.81 0.90

aAbbreviations are as follows: FA, fraction of cells with growth af-
fected in response to curcumin and/or resveratrol treated vs. uncreated
cells; CI, combination Index. CI < 1.0 indicates synergism.

resveratrol over the monotherapy could partly be the result of
increased apoptosis. Indeed, the combination of curcumin and
resveratrol produced a much higher apoptosis (300%) of HCT-
116 (wt) cells than that caused a by either curcumin or resveratrol
when compared with the control (Fig. 2B).

To determine whether and to what extent the cell cycle pro-
gression was affected by curcumin and/or resveratrol, flow cy-
tometric analysis was conducted following 48 h after incubation
of HCT-116 (wt) cells in the absence (control) or presence of
curcumin, resveratrol, or the combination of both. Each treat-
ment resulted in accumulation of HCT-116 cells at the S-phase
of the cell cycle (Table 2). However, whereas curcumin and
resveratrol, each alone, caused between 35% and 45% increase
in accumulation of cells at S-phase, the combination of cur-
cumin and resveratrol produced a 122% increase of the same

TABLE 2
The combination of curcumin and resveratrol causes a greater
arrest of S phase of the cell cycle than that caused by either

agent alone

Cell Cycle Distribution (%)

Treatment G0/1 S G2/M

Control 67.87 ± 3.62 22.01 ± 1.83 11.12 ± 1.71
Curcumin

(15 µM)
48.63 ± 3.38 29.58 ± 1.30 21.79 ± 1.32

Resveratrol
(10 µM)

55.31 ± 2.82 31.79 ± 2.45 12.90 ± 2.35

Curcumin +
resveratrol

44.53 ± 3.45 48.69 ± 2.76 6.77 ± 0.75
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FIG. 2. A: The combination of curcumin and resveratrol causes greater inhibition of growth of colon cancer p53 positive (wild type) and the p53-negative
(p53−/−) HCT-116 cells and B: also stimulates apoptosis of HCT-116 (wt) cells than either agent alone. Each value represents mean ± SEM of 4 to 6 observations.
*P < 0.025 or lower compared to control. Cur, curcumin; Resv, resveratrol.

with a concomitant decrease in the population of cells in the
G2-M phase when compared with the controls (Table 2).

Curcumin in combination with resveratrol causes a greater
inhibition of constitutive activation of EGFRs and IGF-1R in
colon cancer cells in vitro. Although curcumin or resveratrol
alone or in combination inhibited colon cancer cell growth, the
precise regulatory mechanisms are poorly understood. Earlier,
we reported that the marked inhibition of growth of colon can-
cer cells in vitro in response to the combination treatment of
curcumin and ERRP, a pan-ErbB inhibitor, was associated with
the attenuation of activation of EGFR and IGF-1R signaling
(16,30). Likewise, a marked attenuation of EGFRs and IGF-
1R activation in colon cancer cells was also noted in response
to the combination of curcumin and FOLFOX (26). In view
of these observations and the fact that multiple signaling path-
ways, including EGFRs and IGF-1R, are dysregulated in col-
orectal cancer, we examined the constitutive levels of total and
the activated (tyrosine phosphorylation) forms of EGFR, HER-
2, and HER-3 as well as the activation of IGF-1R in response
to curcumin and/or resveratrol. We observed that although cur-
cumin and resveratrol, each alone, inhibited the levels (13–68%)
and activated forms (50–75%) of EGFR, HER-2, HER-3, and
IGF-1R, the magnitude of inhibition of the levels (26–85%)
and activated forms (85–90%) of the growth factor receptors
were markedly greater in response to the combination of cur-
cumin and resveratrol when compared with the controls (Fig.
3). Among the growth factor receptors, inhibition of HER-2 in
response to either curcumin or resveratrol or the combination
therapy was found to be much less than what was noted for
EGFR, HER-3, or IGF-1R (Fig. 3).

Although the precise mechanisms by which curcumin and/or
resveratrol inhibit IGF-1R activation are not fully understood,
we have recently reported that curcumin alone or together with
FOLFOX stimulates the expression of IGFBP-3 (IGF-binding
protein), which sequesters IGFs, rendering IGFs unavailable for
binding to and activation of IGF-1R (26). To determine whether
the same mechanism might be responsible for attenuating IGF-
1R activation in response to curcumin and/or resveratrol, we

FIG. 3. The levels of nonphosphorylated (total) and tyrosine phosphorylated
forms of EGFR, HER-2, HER-3, IGF-1R, is lower in HCT-116 (wt) cells fol-
lowing 48-h incubation in the presence of curcumin (10 µM), resveratrol (10
µM), or a combination of both. Cur, curcumin; Resv, resveratrol.
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FIG. 4. Increases in A: IGFBP-3 expression and B: sequestration of IGF-1
by IGFBP-3 in HCT-116 (wt) in response to curcumin, resveratrol, or curcumin
and resveratrol. IGFBP-3 was immunoprecipitated from cell lysates with anti-
IGFBP-3 antibodies, and the immunoprecipitates were subjected to Western
blot analysis for IGF-1. The numbers underneath each band represent percent
of representative control. The experiment was repeated at least 3 times. Cur,
curcumin; Res and Resv, resveratrol.

initially examined the levels of IGFBP-3 in HCT-116 cells in the
absence or presence of curcumin, resveratrol, or the combina-
tion of both. We observed that whereas curcumin or resveratrol
produced a 96–116% increase in IGFBP-3 expression, the com-
binatorial treatment of curcumin and resveratrol caused 178%
stimulation when compared with the controls (Fig. 4). To fur-
ther determine if the increase in IGFBP-3 levels would result
in increased sequestration of IGF-1 by IGFBP-3, lysates from
the control and cells treated with curcumin and/or resveratrol
were subjected to immunoprecipitation with IGFBP-3 antibod-
ies followed by Western blot analysis of immunoprecipitates
for IGF-1 levels. As expected, the amount of IGF-1 bound to
IGFBP-3 was found to be substantially higher in response to
the combinatorial treatment when compared with that achieved
with either agent alone (5.5-fold for combination vs. 1.5–2-fold
for monotherapy; Fig. 4).

Curcumin together with resveratrol causes greater inhibition
of growth of tumors of colon cancer cells in SCID mice. The
above in vitro mechanistic results strongly support an efficient
killing of colon cancer cells by the novel combinatorial regi-
men of curcumin and resveratrol. To further validate our in vitro
results, we compared the effectiveness of combination therapy
with monotherapy on the growth of tumors of xenograft colon

FIG. 5. Curcumin in combination with resveratrol causes A: a greater inhibition of HCT-116 (wt) colon cancer xenograft growth in SCID mice, B: is associated
with decreased proliferation (mitotic index), C: increased apoptosis [TUNEL assay], and D: decreased NF-κB DNA binding activity. *P < 0.01 compared to
control. Data in panel (A) for control and curcumin are similar to those recently published by our laboratory (39).
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cancer HCT-116 (wt) cells in SCID mice as described previ-
ously (31). We observed that curcumin (500 mg/kg body wt)
and resveratrol (150 mg/kg body wt), each alone, significantly
inhibited the HCT-116 tumor growth by 40% (P < 0.01) and
28% (P < 0.025), respectively, compared to the controls (Fig.
5A). However, the combination of resveratrol and curcumin pro-
duced a significant >50% inhibition (P < 0.01) in tumor growth
relative to the control as well as relative to monotherapy (P <

0.05), demonstrating enhanced inhibitory effect of the combina-
tion therapy in our colon cancer experimental model (Fig. 5A).
None of these treatments had any effect on body weight and diet
consumption during the 3 wk of treatment. No other signs of
systemic toxicity or any adverse effects as monitored by activ-
ity and posture of mice were observed, suggesting that neither
curcumin nor resveratrol alone, or in combination caused any
deleterious effects under the present experimental conditions.

To determine whether curcumin and/or resveratrol induced
inhibition of tumor growth could in part be attributed to inhi-
bition of proliferation and stimulation of apoptosis, remnants
of tumors harvested at the end of the experimental period were
examined for mitosis (mitotic index; MI) and apoptosis. As ex-
pected, although daily gavage of curcumin or resveratrol caused
a 40–45% inhibition of proliferation, as evidenced by inhibition
of mitotic index, the combination therapy produced a marked
70% inhibition of the same when compared with the controls
(Fig. 5B). In contrast, number of cells undergoing apoptosis was
increased by 215% in response to the combination therapy as
opposed to 110% increase following curcumin or resveratrol
treatment when compared with the controls (Fig. 5C).

Further, to unravel the molecular mechanism of therapeutic
benefit observed by the combinatorial regimen in potentiating
the antitumor effect, we performed EMSA to examine the status
of the transcription factor NF-κB using harvested tumor tissue
extracts. The results revealed that in response to the combination
therapy of curcumin and resveratrol, the DNA binding activity
of NF-κB was decreased by 67% as opposed to 30–35% in
response to either curcumin or resveratrol when compared with
the controls (Fig. 5D). Our results suggest that the inactivation
of NF-κB is, at least, one of the molecular events by which the
combination of curcumin and resveratrol potentiates antitumor
growth in our experimental model.

DISCUSSION
Accumulating evidence indicates that the development and

progression of many malignancies, including colorectal can-
cer, are associated with multiple signaling pathways that pro-
mote proliferation, inhibit apoptosis, and induce metastasis (32).
Recent evidence indicates a crucial role for the EGF-receptor
(EGFR) and/or some of its family members—specifically, ErbB-
2/HER-2 and ErbB-3/HER-3—in regulating a number of path-
ways that affect tumor cell survival, angiogenesis, motility, and
invasiveness (2–6). In addition, a growing number of studies
have implicated the role of insulin-like growth factor (IGF)/IGF-

receptor-1 (IGF-1R system in the development and progression
of colorectal cancer (5,6). Since multiple signal transduction
pathways become dysregulated in most malignancies, including
colorectal cancer, it is likely that the maximal and most durable
preventive and/or therapeutic benefit against tumor growth could
be achieved with combination therapies that will affect sev-
eral targets. Thus, agent(s)/regimen(s) that target EGFRs and
IGF-1R should be more effective than narrowly focused ther-
apies, as they are likely to impact several aspects of tumor
progression.

Earlier, we reported that curcumin by itself was able to
inhibit activation of EGFR, HER-2, and HER-3 (referred
to as EGFRs) as well as IGF-1R in colon cancer HCT-116
cells (16,26). Moreover, in combination with either ERRP,
a pan-ErbB inhibitor (30), or FOLFOX, curcumin caused a
greater inhibition of activation of EGFRs as well as IGF-1R in
colon cancer HCT-116 cells than either agent alone (16,26). Our
current data from in vitro studies further demonstrate, for the
first time, that like curcumin, resveratrol also inhibits EGFR and
IGF-1R in colon cancer cells and that together they are more
effective in attenuating the activation of EGFRs and IGF-1R
than either agent alone. At least for inhibition of IGF-1R
activation in response to the current treatment, this could partly
be attributed to enhanced expression of IGFBP-3, a protein that
sequesters IGFs, rendering IGFs unavailable for binding to and
activation of IGF-1R. A similar observation was also noted in
colon cancer cells in response to the combination treatment
of curcumin and FOLFOX (26). Earlier epidemiologic studies
have demonstrated that an increase in circulating IGF-1 and
decreased IGFBP-3 levels are frequently associated with the
development of several types of epithelial cancers including
colorectal cancer (33). Furthermore, it has been demonstrated
that blockade of the IGF/IGF-1R axis by a soluble inhibitor of
IGF-1R attenuates IGF-1-induced Akt activation and inhibits
growth of human colon cancer xenografts in mice (34). Addi-
tionally, several chemopreventive agents, particularly green tea
polyphenols, have been shown to stimulate the expression of
IGFBP-3 in TRAMP model of prostate cancer (35).

Our current data also demonstrate that curcumin or resver-
atrol alone or in combination causes inhibition of growth of
p53 positive colon cancer HCT-116 as well as p53 mutant HT-
29 cells, suggesting that the growth inhibitory properties of
these agents are not cell specific and independent of p53 status.
The current observation with curcumin is similar to what we
noted earlier in colon cancer HCT-116 and HT-29 cells (16,26).
Moreover, our current observation that resveratrol also inhibits
the growth of p53 positive (wild type) and p53 negative colon
cancer HCT-116 cells suggests that like curcumin, the growth
inhibitory properties of resveratrol are also independent of p53
status.

Consistent with our in vitro observations, curcumin together
with resveratrol produced a significantly greater inhibition of
colon cancer cell growth in vivo in the SCID mice xenograft
model than either agent alone. This could be partly attributed to
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decreased proliferation as evidenced by reduced number of mi-
tototic cells and increased apoptosis in the tumors of curcumin,
resveratrol, or a combination of both.

A plethora of evidence suggests that the chemopreventive
effect of curcumin is mainly due to inhibition of COX-2, which
leads to inhibition of prostaglandin E2 and subsequent colon
cancer growth (36,37). Curcumin has also shown to be an ef-
fective inhibitor of cell growth in prostaglandin-synthesis defi-
cient cancer cells (HCT-15), suggesting that it may also act via
prostaglandin independent pathways (7). Nevertheless, numer-
ous studies have suggested that the curcumin-induced COX-2
inhibition of growth of colon and other epithelial cancer cells
is associated with attenuation of activation of the transcription
factor NF-κB, which stimulates transcription of genes (such as
COX-2) that are critically involved in inducing cell survival (17–
19,38). Earlier, we reported that the inhibition of growth of colon
cancer cells in vitro in response to either curcumin or curcumin
together with ERRP is associated with a concomitant inhibition
of NF-NF-κB activity (16). Data from our in vivo study with
SCID mice xenograft model demonstrate, for the first time, that
the combination therapy of curcumin and resveratrol causes a
significantly greater inhibition of growth of tumors than either
agent alone. This, together with the observation that inhibition
of NF-κB activity in tumors is associated with a concomitant
stimulation of apoptosis in the tumors, further indicates a role
for NF-κB in regulating colon cancer tumor growth.

In summary, our data show that the combination therapy of
curcumin and resveratrol is highly effective in inhibiting the
growth of colon cancer cells in vitro and in vivo, which could be
attributed to inhibition of proliferation and stimulation of apop-
tosis resulting from attenuation of NF-κB activity. Results of the
in vitro studies suggest that curcumin or resveratrol also attenu-
ates the constitutive activation of EGFR and its family members
as well as IGF-1R, and that together, they cause a greater in-
hibition in activation of the growth factor receptors than that
observed with either agent alone. Inhibition of IGF-1R acti-
vation in response to either mono or combinatorial treatment
could be attributed to enhanced expression of IGFBP-3 lead-
ing to increased sequestration of IGF-1 by IGFBP-3, rendering
the growth factor unavailable for binding to and activation of
IGF-1R.
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