
Published OnlineFirst March 23, 2010; DOI: 10.1158/1940-6207.CAPR-09-0117 
Research Article Cancer

Prevention

Research
Resveratrol Suppresses Colitis and Colon Cancer
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Resveratrol is a naturally occurring polyphenol that exhibits pleiotropic health beneficial effects, includ-
ing anti-inflammatory, cardio-protective, and cancer-protective activities. It is recognized as one of the
more promising natural molecules in the prevention and treatment of chronic inflammatory and auto-
immune disorders. Ulcerative colitis is an idiopathic, chronic inflammatory disease of the colon associ-
ated with a high colon cancer risk. Here, we used a dextran sulfate sodium (DSS) mouse model of colitis,
which resembles human ulcerative colitis pathology. Resveratrol mixed in food ameliorates DSS-induced
colitis in mice in a dose-dependent manner. Resveratrol significantly improves inflammation score,
downregulates the percentage of neutrophils in the mesenteric lymph nodes and lamina propria, and
modulates CD3+ T cells that express tumor necrosis factor-α and IFN-γ. Markers of inflammation and
inflammatory stress (p53 and p53-phospho-Ser15) are also downregulated by resveratrol. Because chronic
colitis drives colon cancer risk, we carried out experiments to determine the chemopreventive properties
of resveratrol. Tumor incidence is reduced from 80% in mice treated with azoxymethane (AOM) + DSS to
20% in mice treated with AOM + DSS + resveratrol (300 ppm). Tumor multiplicity also decreased with
resveratrol treatment. AOM + DSS–treated mice had 2.4 ± 0.7 tumors per animal compared with AOM +
DSS + 300 ppm resveratrol, which had 0.2 ± 0.13 tumors per animal. The current study indicates that
resveratrol is a useful, nontoxic complementary and alternative strategy to abate colitis and potentially
colon cancer associated with colitis. Cancer Prev Res; 3(4); 549–59. ©2010 AACR.
Introduction

Resveratrol (3,4,5-trihydroxy-trans-stilbene) is a natural-
ly occurring compound, often derived from the Japanese
(bushy) knotweed, but is also found in the skin of red
grapes and is a constituent of red wine. Resveratrol has
been shown to extend the life span of yeast and mice
(1). In murine experiments, antiaging, anti-inflammatory,
anticancer, antineurodegenerative, blood sugar–lowering,
chelating, and other beneficial cardiovascular effects of re-
sveratrol have been reported (2–7). Although resveratrol
has been studied little in humans, it seems to have cardi-
oprotective effects ex vivo (8, 9). At daily doses equivalent
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to the amount of resveratrol in >1,000 bottles of red wine,
resveratrol seems to be safe (10), but resveratrol undergoes
extensive metabolism in humans, which limits the avail-
ability of the parent molecule at organs remote from the
site of absorption (10). It is therefore particularly appeal-
ing when studying gastrointestinal tract diseases.
Resveratrol has been shown to suppress several autoim-

mune diseases, including experimental encephalomyelitis
(11, 12), arthritis (11), myocarditis (13), and diabetes
(14). The capability of resveratrol to suppress chronic in-
flammatory diseases associated with a high cancer risk,
such as inflammatory bowel disease (IBD), has only been
explored in rats by one other group (15, 16).
IBD consists of two forms, ulcerative colitis (UC) and

Crohn's disease, which are dynamic, idiopathic, chronic in-
flammatory conditions associated with a high colon cancer
risk (17). Conventional treatment of colitis can reduce per-
iods of active disease and help to maintain remission, but
these treatments often bring marginal results, patients be-
come refractory, and there are side effects. For this reason,
many colitis sufferers turn to unconventional treatments in
hopes of abating symptoms of active disease and it is esti-
mated that 40% of IBD patients use some form of mega-
vitamin therapy of herbal/dietary supplement (18, 19).
We have recently shown that Ginkgo biloba (EGb 761)
and American ginseng extracts can suppress colitis in
mice (20, 21). Because of the strong anti-inflammatory
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properties of resveratrol, we hypothesized that this supple-
ment will also work against colitis. Here, we provide data
supporting such studies, indicating that resveratrol ad-
ministered in the basal diet suppresses dextran sulfate
sodium (DSS)–induced colitis and colon cancer associated
with colitis in mice.

Materials and Methods

Resveratrol characteristics
We used resveratrol obtained from Sigma Chemical Co.

This is 3,4,5-trihydroxy-trans-stilbene (trans-resveratrol
aglycone), which is a purified compound with the molec-
ular formula C14H12O3. The Certificate of Origin indicates
it was originally purified and extracted from the bushy
knotweed plant and is found to be >99% pure by both
gas chromatography and TLC. The absorbance spectrum
is consistent with its structure and is EmM (218 nm) =
21.5 (ethanol), EmM (306 nm) = 30.0 (ethanol), and
EmM (320) = 29.1 (ethanol). The conditions used for
gas chromatography were as follows: capillary column:
30 m × 0.32 mm ID with 0.25-μm particles; temperature
(EC): injector 280, detector 280; flow rate: 25 cm/s He; col-
umn temperature program: 260 to 280EC at 4°/min; sol-
vent: Sigma Sil A 10 mg/mL; volume injected: 1.0 μL;
retention time: ∼5 min. The conditions used for TLC were
as follows: system: silica gel plates; solvent: 30 parts
Cancer Prev Res; 3(4) April 2010
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n-butanol/20 parts pyridine/20 parts water/6 parts glacial
acetic acid; detection: iodine vapor or methanolic sulfuric
acid spray; sample dissolved at 50 mg/mL in acetone, spot-
ted from 0.5 to 250 μg; Rf ∼0.7. It is a white powder with
yellow cast and has amolecular weight of 228.2 g/mol. This
product is stable at −20°C for at least 2 y. When added to
the basal diet, we stored the diet at 4°C and changed the
basal diet every 2 d during experiments. The diet comes
from Research Diets, Inc. Resveratrol from Sigma is sent
to Research Diets andmixed with a standard AIN-93M diet.
Briefly, the diet preparation operator at Research Diets
carefully weighs out each ingredient. With microingredi-
ents, such as the resveratrol, vitamin mix, and mineral
mix, a premix is created to optimize the microingredient
particle distribution in the diet. This micro-premix is then
mixed with the main ingredients of the diet, and after diet
is homogeneously mixed, it is sent for pelleting. The final
amount of resveratrol was 75 to 300 ppm. As indicated
in Fig. 1, although doses of 75 ppm were inadequate at
suppressing colitis, doses of 150 and 300 ppm were
successful. We therefore used these doses in subsequent
mechanistic experiments. A dose of 150 ppm was used
for mechanistic experiments described in Figs. 2 and 3; a
dose of 300 ppm was used for mechanistic experiments
described in Figs. 4 and 5. Importantly, after the resvera-
trol is mixed with the basal diet, it maintains its biological
activity. The basal diet has a 4-mo expiration date from the
Fig. 1. Resveratrol inhibits colitis in mice exposed to DSS. Mice were treated as described in the text. Results are presented as a dot plot, with the
lines representing the mean inflammation score among the group. Each dot represents an individual mouse, and the level of colon inflammation was
quantified and graded blindly and independently by two trained pathologists as described in the text. These data are presented in this fashion to reflect three
separate studies that were done. Based on findings from other studies in our lab (20, 21), we initially used 75 ppm resveratrol in the basal diet. This dose did
not protect mice from DSS-induced colitis, so we initiated experiments with and without 150 ppm and with and without 300 ppm in the basal diet,
as indicated in the figure. *, P < 0.05, resveratrol (150 ppm) significantly reduced colitis compared with the DSS group alone; **, P < 0.01, resveratrol
(300 ppm) significantly reduced colitis compared with the DSS only group.
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time it is produced. We have tested the biological activity
in five separate batches, and it maintained its biological
activity in that it causes a 2- to 3-fold reduction in mouse
colitis at 300 ppm
The dose of resveratrol we used (75-300 ppm) is the hu-

man equivalent dose of 58 to 232 mg daily, which is far
below that considered safe in humans (up to 5,000 mg;
ref. 10). Of note is that recommended dosages for oral di-
etary supplements range from 2.5 mg to 1 g for humans,
and adverse effects of resveratrol have not been reported
(10, 22). In addition, of note is that we used the com-
mercially available aglycone formulation of resveratrol,
whereas humans often consume resveratrol glucoside for-
mulations. Resveratrol aglycone seems to represent the
predominant form of resveratrol in tissues (23). Our cal-
culation of the human equivalent amount of resveratrol
consumed by mice uses the body surface area normaliza-
tion method (24) with the following assumptions: a typ-
ical mouse eats 3.5 g diet daily and weighs 22 g; the
average adult human weighs 60 kg. More specifically, here,
diet contains 75 to 300 ppm resveratrol. A dose of 75 ppm
equates to 75 mg/kg of diet. A mouse consumes 3.5 g diet
daily. Therefore, 75 mg/1,000 g daily diet × 3.5 g diet/day =
0.2625 mg resveratrol extract daily. If a mouse weighs on
average 22 g, then 0.2625 mg/22 g × 1,000 g/1 kg = 11.93
mg/kg daily. As discussed by Reagan-Shaw et al. (24), the
human equivalent dose (mg/kg) = animal dose (mg/kg) ×
(animal Km/human Km). As such, human equivalent
dose (mg/kg) for mouse = 11.93 mg/kg/(3/37) = 0.967 mg/kg.
If an average human adult weighs 60 kg, this equates to
www.aacrjournals.org
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0.967 mg/kg × 60 kg = 58 mg daily for humans. The 58
mg (for 75 ppm) × 4 = 232 mg daily for human for 300
ppm. Mice consumed the same amount of diet daily (on
average 3.5 g) regardless of it containing resveratrol (data
not shown).

Animals
Male and female C57BL/6 mice, 8 to 12 wk of age,

weighing 20 to 25 g were obtained from The Jackson Lab-
oratories and are under a breeding protocol at the Univer-
sity of South Carolina. All mice are kept in dedicated
animal quarters and provided food [AIN-93M, described
previously (20, 21)] and water ad libitum. Routine chang-
ing of cages, food, and water was done twice weekly by
trained personnel. Care and use of animals was overseen
by the Animal Resource Facility (ARF) of the University of
South Carolina under the direction of our veterinarian.
The ARF is fully accredited by the Association for Assess-
ment and Accreditation of Laboratory Animal Care Inter-
national and is registered with the U.S. Department of
Agriculture (56-R-003). The ARF also has an active letter
of Assurance of Compliance on file at the NIH.

DSS mouse model of colitis
We have previously described our DSS model of colitis

(refs. 20, 21; Supplementary Fig. S1). Briefly, 8- to 12-wk-old
C57BL/6 mice received either water ad libitum or water
containing 1% DSS. Resveratrol was mixed into the AIN-
93M diet of indicated groups at 75 to 300 ppm (Research
Diets),which is the human equivalent dose of approximately
Fig. 2. Resveratrol mediates T cells
expressing IFN-γ and TNF-α after DSS
induction. Splenic (A), MLN (B), and LP
(C) lymphocytes were isolated from
C57BL/6 mice that received water
(control, white columns), 100 μL of
resveratrol (RES) with water (white
columns with dots) or water containing
1% DSS (black columns), and 150 ppm
of resveratrol with DSS (dotted
columns) in diets. Changes in number of
T cells expressing IFN-γ and TNF-α
were determined by flow cytometry.
Columns, mean total number of cells;
bars, SEM. Data represent the mean
of three independent experiments
involving five mice per group. For each
experiment and group, the lymphocytes
were pooled. *, P < 0.05, resveratrol
(150 ppm) significantly reduced colitis
compared with the DSS only group.
Cancer Prev Res; 3(4) April 2010 551
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58 to 232 mg daily for humans, as described above. Basal
diet (± resveratrol) was initiated 1 wk before the ad-
ministration of DSS and continued throughout the exper-
iment. DSS was given over 2.5 cycles (where each cycle in
the DSS group consisted of 1% DSS in drinking water
for 7 d followed by a 7-d interval with normal drinking
water). At the end of the experiment, blood was collected
and colon samples were washed with PBS, cut longitudi-
nally, Swiss-rolled, and then formalin fixed and paraffin
embedded.
Cancer Prev Res; 3(4) April 2010
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Azoxymethane/DSS-induced colon cancer model
We followed a modified protocol outlined recently by

the Neurath group (25). Supplementary Fig. S2 outlines
the time line. Briefly, mice were weighed and given a sin-
gle i.p. injection of azoxymethane (AOM; 10 mg/kg) or ve-
hicle (PBS) on experimental day 1. One week later,
animals received either 1% DSS or normal drinking water
concurrently with AIN-93M basal diet containing 0 or 300
ppm resveratrol. Chronic colitis and colon cancer were in-
duced with a cyclical DSS treatment, which consisted of
7 d of 1% DSS followed by 14 d of normal water for a
total of three cycles. The resveratrol was continued until
the end of the experiment on day 70.
On day 70, the mice were weighed and euthanized, and

their blood and tissues were harvested. Colons were cut
longitudinally and fixed in 10% buffered formalin over-
night. The colons were then stained with methylene blue
and scored for the number of colonic neoplasms to deter-
mine the incidence (number of animals with at least one
tumor) and multiplicity (number of tumors per animal)
of neoplasms. Tumor area, based on length and width,
was also calculated. Following photography, colons were
rinsed with ice-cold PBS and processed for histopathology
and immunohistochemistry by paraffin embedding.

Quantifying inflammation
Slides were examined in a blind fashion by two indivi-

duals separately, as we have described previously (20, 21).
Briefly, inflammation was graded by extent (focal, multi-
focal, diffuse, or extensive areas) and depth/penetration of
inflammation [lamina propria (LP), into submucosa, into
mucscularis propria, into subserosa] and then given a nu-
merical value of 0 to 4, where 0 is none observed and 4 is
severe inflammation and/or ulceration/erosion.

Immunohistochemical staining
For immunohistochemical staining, serial sections of

mouse colon tissues (processed as described above) were
incubated with antibodies against inducible nitric oxide
synthase (iNOS; mouse monoclonal clone 5D5-H7; dil-
uted 1:10,000; Research & Diagnostic Antibodies), cyclo-
oxygenase-2 (COX-2; rabbit polyclonal; diluted 1:20,000;
Cayman Chemical), tumor necrosis factor-α (TNF-α;
mouse monoclonal, clone P/T2; diluted 1:50,000; Ab-
cam), p53 (mouse monoclonal, clone Pab 122; diluted
1:1,000,000; Exalpha Biologicals, Inc.), or p53-phospho-
Ser15 (mouse monoclonal, anti-phospho-Ser15, clone
16G8; diluted 1:20,000; Cell Signaling). To ensure even
staining and reproducible results, sections were incubated
by slow rocking overnight in primary antibodies (4°C) us-
ing the Antibody Amplifier (ProHisto, LLC). Following in-
cubation with primary antibody, sections were processed
using EnVision+ System-HRP kits (DakoCytomation) ac-
cording to kit protocols or using a Mouse-on-Mouse kit
(Vector Laboratories) if antibodies were mouse monoclo-
nals. The chromogen was 3,3′-diaminobenzidine and sec-
tions were counterstained with 1% methyl green. The
positive control tissue was colon cancer sections. These
Fig. 3. Resveratrol modulates DSS-induced neutrophils during colitis.
MLNs and LP lymphocytes were isolated from C57BL/6 mice that
received water, 150 ppm of resveratrol with water or water containing 1%
DSS, and 150 ppm of resveratrol with DSS and stained for CD3+ T cells
and neutrophils. The MLN or LP-derived CD3− lymphocytes were
characterized for neutrophil expression (LY6G) by flow cytometry. The
numbers in the top left quadrant indicate the total percentage of LY6G+

neutrophils. Data are a representative experiment of three independent
experiments. Each experiment involved pooled lymphocytes from five
mice per groups. *, P < 0.01, statistically significant differences
between DSS + resveratrol–treated groups compared with the DSS
alone group.
Cancer Prevention Research
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sections were highly positive for iNOS, COX-2, TNF-α,
p53, and p53-phospho-Ser15.
Stained tissues were examined for intensity of staining

using a method similar to that previously described
(26). Intensity of staining in tumor sections was evaluated
independently by blinded investigators. For each tissue
section, the percentage of positive cells was scored on a
scale of 0 to 4 for the percentage of tissue stained: 0
(0% positive cells), 1 (<10%), 2 (11-50%), 3 (51-80%),
or 4 (>80%). Staining intensity was scored on a scale of
0 to 3: 0, negative staining; 1, weak staining; 2, moderate
staining; or 3, strong staining. The two scores were multi-
plied resulting in an immunoreactivity score value ranging
from 0 to 12.

Cell isolation
Spleens from individual mice were mechanically dis-

sociated and RBCs were lysed with lysis buffer (Sigma).
www.aacrjournals.org
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Single-cell suspensions of spleen and colon mesenteric
lymph nodes (MLN) were passed through a sterile wire
screen (Sigma). Cell suspensions were washed twice in
RPMI 1640 (Sigma) and stored in medium containing
10% fetal bovine serum on ice until used after 1 to 2 h.
The small intestine and colon was cut into 1-cm stripes
and stirred in PBS containing 1 mmol/L EDTA at 37°C
for 30 min. The cells from intestinal LP were isolated as de-
scribed previously (27). In brief, the LP was isolated by di-
gesting intestinal tissue with collagenase type IV (Sigma) in
RPMI 1640 (collagenase solution) for 45 min at 37°C with
moderate stirring. After a 45-min interval, the released cells
were centrifuged and stored in complete medium and mu-
cosal pieces were replaced with fresh collagenase solution.
This was repeated twice. LP cells were further purified using
a discontinuous Percoll (Pharmacia) gradient collecting
at the 40% to 75% interface. Lymphocytes were main-
tained in complete medium, which consisted of RPMI
Fig. 4. Resveratrol suppresses the players involved in inflammation (iNOS, COX-2, and TNF-α). Tissues from experiments done for Fig. 1 (300 ppm
resveratrol) were examined for iNOS, COX-2, and TNF-α by immunohistochemistry using the Antibody Amplifier rocked on a laboratory rocker to ensure
even staining and reproducible results. A, representative staining of indicated end points in serial sections from water (n = 5), DSS (n = 10), and DSS +
resveratrol (n = 10) groups. Positive staining is brown colored. Magnification, ×200. B, quantification of indicated end points. All three markers were elevated
in the DSS-treated group and suppressed when the DSS-treated group was fed resveratrol (300 ppm). *, P < 0.01, significant reduction in % positive
cells in the resveratrol + DSS group compared with the DSS group.
Cancer Prev Res; 3(4) April 2010 553
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1640 supplemented with 10 mL/L of nonessential amino
acids (Mediatech), 1 mmol/L sodium pyruvate (Sigma),
10 mmol/L HEPES (Mediatech), 100 units/mL penicillin,
100 μg/mL streptomycin, 40 μg/mL gentamicin (Elkins-
Sinn, Inc.), 50 μmol/L mercaptoethanol (Sigma), and
10% FCS (Atlanta Biologicals).

Flow cytometry analysis
Cells from the spleen, MLN, and LP were freshly isolated

as described above for each experimental group. Fluores-
cence-activated cell sorting (FACS) cell surface antigen
staining cells were preblocked with Fc receptors for
15 min at 4°C. The cells were washed with FACS staining
buffer (PBS with 1% bovine serum albumin) and then
stained with CY-conjugated anti-CD3 (145-2C11) and
FITC-conjugated LY6G (neutrophils; BD Pharmingen) for
30 min with occasional shaking at 4°C. The cells were
washed twice with FACS staining buffer and resuspended
in BD Cytofix/Cytoperm (BD Pharmingen) solution for
20 min. Again, cells were washed twice in BD Perm/Wash
solution. For intracellular cytokines, resuspended fixed
permeabilized cells were stained with predetermined allo-
phycocyanin fluorochrome–conjugated anti-cytokine anti-
body (TNF-α and IFN-γ for 30 min at 4°C in the dark).
Lymphocytes were then washed with FACS thoroughly
Cancer Prev Res; 3(4) April 2010
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staining buffer and analyzed by flow cytometry (FC 500,
Beckman Coulter).

Statistical analysis
With inflammation as an end point, a χ2 contingency

table analysis was done on the DSS and DSS plus res-
veratrol groups to determine if there was a statistically
significant difference in their inflammation scores. For im-
munohistochemical quantification, mean differences be-
tween groups were compared by one-way ANOVA with
Scheffe multiple comparison tests. For flow cytometry da-
ta, differences between groups were compared using a
two-tailed paired Student's t test or an unpaired Mann-
Whitney U test. The results were analyzed using the Stat-
View II statistical program (Abacus Concepts, Inc.) and
Microsoft Excel (Microsoft) for Macintosh computers.
Single-factor variance ANOVA analyses were used to
evaluate groups. Tumor incidence was examined using a
Fisher's exact test, which is equivalent to a test for bino-
mial proportions. Because the usual assumptions underly-
ing the ANOVA test are not satisfied, in assessing the
significance of the F-statistic value from the ANOVA table,
instead of using the F-distribution, we used a permutation
distribution to examine tumormultiplicity. Finally, a non-
parametric Kruskal-Wallis test was used to compare mean
Fig. 5. Resveratrol suppresses the players involved in inflammatory stress (p53 and p53-phospho-Ser15). Tissues from experiments done for Fig. 1
(300 ppm resveratrol) were examined for p53 and p53-phospho-Ser15 by immunohistochemistry using the Antibody Amplifier rocked on a laboratory rocker
to ensure even staining and reproducible results. A, representative staining of indicated end points in serial sections from water (n = 5), DSS (n = 10),
and DSS + resveratrol (n = 10) groups. Positive staining is brown colored. Magnification, ×200. B, quantification of indicated end points. Both markers were
elevated in the DSS-treated group and suppressed when the DSS-treated group was fed resveratrol (300 ppm). *, P < 0.01, significant reduction in %
positive cells in the resveratrol + DSS group compared with the DSS group alone.
Cancer Prevention Research
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tumor volume. The P value chosen for significance in this
study was 0.05.

Results

Resveratrol attenuates DSS-induced colitis in a
dose-dependent manner
There is increasing evidence that resveratrol targets

many key players in inflammation (28, 29). UC is a strong
risk factor for colon cancer (17), with chronic inflamma-
tory disease associated with overactive inflammatory cells
infiltrating in the colon. Based on this information, we
tested the hypothesis that resveratrol can suppress colitis
in mice. To test this hypothesis, we used the DSS-induced
model of colitis, with and without resveratrol (75, 150, or
300 ppm) treatment. We did not observe any phenotypic
characteristics of toxicity (e.g., moribund and weight loss)
at any doses of resveratrol used in our studies, and the “no
observed adverse effect level” for murine species is 300
mg/kg/d (22). A dose of 300 ppm (the highest dose we
used) is equivalent to 42 mg/kg/d in mice, so this lack
of toxicity was predicted.
Figure 1 shows that mice fed resveratrol were protected

from DSS-induced colitis at doses of 150 ppm (P < 0.05
versus DSS treated) and 300 ppm (P < 0.01 versus DSS trea-
ted) resveratrol. These data are supported by other end
points in our experiment. Colon lengths were measured
because a short colon is indicative of heavy inflammation
(20, 21). Compared with the control (water-treated) group
(6.8 ± 0.1 cm), colon length decreased in the DSS-treated
group (5.4 ± 0.1 cm; P < 0.01) but not in the DSS + resver-
atrol–treated group (6.3 ± 0.2 cm). Interestingly, colon
length increased significantly (P < 0.01) in the water +
resveratrol group (8.1 ± 0.2 cm) compared with the water
only group (6.8 ± 0.1 cm). These results clearly indicate
that the resveratrol treatment prevents colitis progression
and abrogate the disease as evidenced by the colitis score
and colon length.

Characteristics of T helper cells during DSS-induced
colitis after resveratrol treatment
Next, we examined whether resveratrol has any effect on

systemic cytokine expression after DSS induction. Flow cy-
tometry analysis revealed that CD3+ T cells (mainly CD4+

T cells) from the MLNs and LP express TNF-α and IFN-γ
during DSS-induced acute colitis. DSS-induced mice with
acute colitis shows increased numbers of CD3+ T cells that
express TNF-α and IFN-γ in the MLNs and the number of
similar cells in the LP (Fig. 2). However, resveratrol treat-
ment significantly reduced the number of CD3+ T-cell
infiltrates that express TNF-α and IFN-γ in the MLNs
and LP with acute colitis after DSS induction compared
with the controls mice and/or mice that received DSS
alone (Fig. 2). We did not observe a decline in the number
of splenic CD3+ T cells expressing IFN-γ and/or TNF-α in
mice treated with resveratrol compared with DSS-induced
mice. Taken together, these results indicate that resveratrol
treatment downregulates systemic TNF-α–expressing and
www.aacrjournals.org
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IFN-γ–expressing T cells in the MLN and LP compared
with similar cells obtained from DSS-induced mice with
any treatment.

Resveratrol inhibits neutrophil infiltration in
DSS-induced mice
Neutrophils are among the first cell type to arrive at a

site of inflammation. In UC, neutrophil activation, migra-
tion, and degranulation are important effector mechan-
isms of intestinal damage (30). In addition, circulating
and activated neutrophils, a major source of inflammatory
cytokines, are elevated in the UC patients. Further, it has
been hypothesized in recent reports that neutrophils are
involved in DSS-induced colonic mucosal injury. Several
lines of evidence support this hypothesis: (a) colonic mu-
cosal ICAM-1 expression is enhanced at an early stage of
the inflammatory cascade in DSS-induced colitis (31) and
(b) numerous neutrophils accumulate in DSS-treated co-
lonic mucosa and selective depletion of neutrophils by a
monoclonal antibody reduces DSS-induced colitis (32).
Based on this knowledge, we next examined the percent-
age changes in mucosal neutrophil expression after resver-
atrol treatment in DSS-induced colitis. Interestingly, we
noticed a dramatic increase in percentage of neutrophils
in the DSS-challenged group of mice compared with the
other groups of mice in the MLN and LP (Fig. 3). At the
same time, resveratrol significantly reduced the percentage
of neutrophils in MLN and LP compared with control or
DSS alone group. Taken together, these results indicate
that the number of neutrophils increased both at MLN
and LP sites after DSS induction and resveratrol signifi-
cantly reduced these numbers.

Resveratrol suppresses markers of inflammation
To further quantify the effect of resveratrol on inflam-

matory markers in vivo, we examined iNOS, COX-2, and
TNF-α expression. Tissues from the experiment using
300 ppm resveratrol were used for these purposes. Immu-
nohistochemical staining was accomplished by rocking
slides using the Antibody Amplifier to ensure even, consis-
tent, sensitive, and reproducible staining. Figure 4A shows
representative sections of end point as indicated. Figure 4B
shows quantification of each staining. Overall, iNOS,
COX-2, and TNF-α levels were reduced in DSS-treated
mice consuming 300 ppm resveratrol compared with
DSS-treated mice consuming regular basal diet.

Resveratrol suppresses markers of inflammatory
stress
p53 is a key biosensor of inflammatory stress. Because

p53 is activated by phosphorylation at Ser15 during in-
flammatory stress (33), we also probed tissue sections
for these markers. Figure 5A shows representative sections
of end points as indicated. These were serial sections of the
same mice shown in Fig. 4A. Figure 5B shows quantifica-
tion of staining. Overall, p53 and p53-phospho-Ser15 lev-
els were reduced in DSS-treated mice consuming 300 ppm
Cancer Prev Res; 3(4) April 2010 555
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resveratrol compared with DSS-treated mice consuming
regular basal diet.
Resveratrol suppresses colon cancer associated with
colitis
We have shown that resveratrol suppresses colitis. Be-

cause both mice and humans with chronic colitis are at
a high risk for colon cancer, here, we tested the hypothesis
that resveratrol prevents the onset of colon cancer in a
mouse model of colitis-driven colon cancer. Table 1 shows
that 80% (8 of 10) of mice treated with AOM + DSS had
colon tumors. The mice treated with AOM + DSS + resver-
atrol (300 ppm) had a tumor incidence of 20% (2 of 10).
This difference was statistically significant using a Fisher's
exact test (P < 0.05).
Tumor multiplicity (number of tumors per animal) also

decreased with resveratrol treatment (Table 1). The total
number of macroscopic lesions in the AOM + DSS group
was 23 and the total number of macroscopic lesions in the
AOM + DSS + resveratrol group was 2. Permutation distri-
bution analysis found similar results to that of tumor in-
cidence. The difference between the AOM + DSS (2.4 ± 0.7
tumors per animal) and AOM + DSS + 300 ppm resvera-
trol (0.2 ± 0.13 tumors per animal) was statistically signif-
icant (P < 0.05). Finally, although tumor volume (mm2)
was decreased with resveratrol treatment (Table 1), this
difference was not statistically significant.
Supplementary Fig. S3A shows colon sections represen-

tative of the indicated group. Supplementary Fig. S3 shows
H&E histologic sections of each group as indicated. On
histologic evaluation of the tumors, we found that there
were no invasive cancers, consistent with other similar
studies (34, 35). In the AOM + DSS–treated group, 25%
of the lesions were adenomas with low-grade dysplasia,
and 47% were adenomas with high-grade dysplasia. The
remaining lesions (28%) were carcinoma in situ. In con-
trast, in the AOM + DSS + 300 ppm resveratrol–treated
group, more than double the lesions (58%) were adeno-
mas with low-grade dysplasia and less lesions were adeno-
mas with high-grade dysplasia (16%) as well as carcinoma
in situ (26%). Although initially surprising that no adeno-
carcinomas were observed, the tumor histology varies
greatly depending on many factors, including mouse
strain (36), housing conditions affecting intestinal micro-
flora (37), as well as the AOM/DSS treatment regimen. We
Cancer Prev Res; 3(4) April 2010
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used 1% DSS here, which is relatively low compared with
other studies, which have used up to 4% DSS (38). A re-
cent study on C57BL/6 mice (the same strain of mouse
used here) using 3% DSS also found no evidence of inva-
sive colorectal adenocarcinomas (35).

Discussion

Although there has been progress into the treatment of
UC (39), current strategies often bring side effects with
marginal results and have population-specific efficacy. Al-
ternative treatment strategies are therefore needed. We
show here that the consumption of resveratrol, a popular
ingredient in red wine and the skin of red grapes, is non-
toxic and capable of suppressing colitis in mice at 150 and
300 ppm in the diet. This agrees with one other group who
has shown that resveratrol suppresses colitis induced by
trinitrobenzenesulfonic acid (TNBS) in rats (15, 16). Re-
sveratrol in those studies was administered by oral gavage
at 5 to 10 mg/kg/d. By mixing resveratrol in the basal diet,
we were able to generate similar results in mice, in that
150 and 300 ppm (equivalent to 21 and 42 mg/kg/d, re-
spectively, in mice and 116 and 232 mg/kg/d, respectively,
in humans) suppress DSS-induced colitis.
Consistent with the known antioxidant and anti-inflam-

matory properties of resveratrol, immunohistochemical
staining for iNOS, COX-2, and TNF-α was also reduced
in mice drinking DSS-spiked water and consuming resver-
atrol. These end points (iNOS, COX-2, and TNF-α) are key
mediators of colitis (40–45). The mechanism of resvera-
trol in the inhibition of these molecules is a subject of fur-
ther detailed investigation. Recent studies indicate that
resveratrol inhibits the nuclear translocation and activa-
tion of NF-κB, which transcriptionally regulates iNOS
and COX-2 (46–50). Similarly, suppression of resveratrol
has been shown to suppress COX-2 expression by block-
ing the activation of mitogen-activated protein kinases and
activator protein-1 (51). Because TNF-α transcriptionally
regulates iNOS and COX-2 (52, 53), the ability of resver-
atrol to inhibit gene expression of TNF-α (54) may also be
a mechanistic link between such molecules and the sup-
pression of colitis.
Elevated TNF-α is associated with both human IBD

and murine colitis (32). Reports from other studies indi-
cate that TNF-α production plays an important role in
Table 1. Tumor incidence and multiplicity in mice treated with AOM/DSS ± resveratrol
Group
 n
 % Animals with colon
tumors (incidence)
arc
org 
No. tumors per animal
(multiplicity), mean ± SE
Canc

h. 
n July 26, 2017. © 2010 Ame
Average size of tumors
(mm2), mean ± SE
AOM + DSS
 10
 80%
 2.4 ± 0.7
 1.4 ± 0.3

AOM + resveratrol
 10
 0%
 0
 —

AOM + DSS + resveratrol
 10
 20%*
 0.2 ± 0.13*
 1.1 ± 0.4
*Significant difference from AOM + DSS–treated group (see Materials and Methods for statistics).
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TNBS-induced chronic colitis (55). IFN-γ also plays a crit-
ical role in the induction and progression of colitis (56).
In the present study, we show that mucosal and/or system-
ic TNF-α and IFN-γ expression was decreased by resvera-
trol treatment in mice after DSS induction. These results
agree with previous published in vivo and in vitro data,
where resveratrol has been shown to reduce the level of
inflammatory cytokines and inflammatory cell infiltrates
in the colon (15, 16, 57, 58).
Neutrophils significantly contribute to the pathogenesis

of IBD. Disease activity in UC is linked to an influx of neu-
trophils in the mucosa and subsequently in the intestinal
lumen, resulting in the formation of crypt abscesses. It has
been reported in the past that in rats, monoclonal anti-
body–mediated depletion of neutrophils decreases several
parameters of DSS-induced colitis (32). In another study,
it has been shown that blockade of neutrophil adhesion
with the CD11b/CD18 antibody reduced the cellular infil-
trates in rectal administration of TNBS-induced colitis
(59). Recently, it has been shown that neutrophil elastase
enzyme activity is significantly elevated in both plasma
and colonic mucosal tissues in UC patients and ONO-
5046 (neutrophil elastase–specific inhibitors) exerts thera-
peutic effect in DSS-induced colitis by correcting weight
loss and inflammation scores (60). In the present study,
we have shown that the percentage of neutrophils in
MLN and LP significantly increased in the DSS-induced
mice compared with naive mice. The resveratrol treatment
significantly diminished the neutrophil numbers com-
pared with DSS-induced mice. The present study corrobo-
rates the above findings and suggests that resveratrol
might be a nontoxic, alternative medicine strategy for
the treatment of DSS-induced colitis.
Inflammatory stress is associated with the phosphoryla-

tion of p53 and Ser15 and subsequent p53 stabilization
(33). Therefore, another key finding is that mice drinking
DSS water and consuming resveratrol have suppressed ex-
pression of p53 and p53-Ser15 phosphorylation. This has
been observed in other diseases associated with inflamma-
tory stress. For example, resveratrol suppresses induced ex-
pression of p53 in a rat diabetic nephropathy model (61).
The consequences of this finding are currently being ex-
plored. For example, it is possible that p53 is a target of
resveratrol-induced apoptosis or senescence of inflamma-
www.aacrjournals.org
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tory cells during colitis. To this end, resveratrol has been
shown to induce apoptosis in cancer cells through a
p53-mediated mechanism (62). Similarly, resveratrol in-
duces cell cycle arrest in HCT 116 colon cancer cells but
not in their p53−/− isogenic counterpart (63), possibly
through the promotion of binding of p53 to the cell cycle
inhibitor p21 (62, 64). All studies are consistent with the
hypothesis that resveratrol not only induces p53 to drive
apoptosis (65) but uses the p53 molecule as a molecular
node to induce apoptosis.
As a natural extension to our data, here, we also carried

out experiments to determine the chemopreventive prop-
erties of resveratrol against colitis-driven colon cancer.
Although resveratrol is protective against colon cancer pre-
viously (2), to our knowledge, this is the first time resver-
atrol has been shown to reduce tumorigenesis associated
with colitis. This is consistent with the hypothesis that
the ability of resveratrol to suppress colitis is responsible
for its chemopreventive properties. This is not surprising,
given the close link between inflammation and cancer (66,
67). Overall, results presented here indicate that resvera-
trol is a viable, nontoxic therapeutic agent for the treatment
of UC and is a potential candidate for the chemoprevention
of colon cancer in this population.
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