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Abstract

A six-month study was conducted in p53(±) mice to evaluate the possible oncogenicity of resveratrol (3,5,4 0-trihydroxy-trans-stilbene),
a cancer chemopreventive agent present in grapes and other foods. p53(±) mice (25/sex/group) received daily gavage exposure to vehicle
only (negative control), resveratrol doses of 1000, 2000, or 4000 mg/kg/day, or p-cresidine (400 mg/kg/day; positive control). No mor-
tality was seen in mice receiving the low dose of resveratrol. However, the mid and high doses induced mortality associated with impac-
tion of the test article in the gastrointestinal tract. Resveratrol had no effect on body weight, food consumption, or clinical signs in
surviving mice in any dose group, but induced dose-related increases in liver weight and serum cholesterol in both sexes. Mild anemia
was seen in male mice at the high dose only; hematologic effects were not seen in females. Histopathology identified the kidney (hydro-
nephrosis) and urinary bladder (epithelial hyperplasia) as target tissues for resveratrol toxicity. The incidences of both benign and malig-
nant tumors in mice exposed to resveratrol were comparable to those in vehicle controls. By contrast, the positive control article,
p-cresidine, induced urinary bladder cancer in both sexes. When administered to p53(±) mice at its maximum tolerated dose, resveratrol
demonstrates no evidence of oncogenicity.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Resveratrol (3,5,4 0-trihydroxy-trans-stilbene) is a natu-
rally occurring polyphenol that is present in grapes, pea-
nuts, and other foods that are commonly consumed as
part of the human diet (Sanders et al., 2000). Grapes (par-
ticularly grape skins) provide a particularly abundant
source of resveratrol, and the compound is found in con-
centrations of up to 10 ppm in red wine (Celotti et al.,
1996). An expanding body of scientific evidence suggests
that resveratrol has a broad range of desirable biological
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actions, including cardioprotection (Hung et al., 2000),
cancer prevention (Jang and Pezzuto, 1999), and prolonga-
tion of life span in several species (Howitz et al., 2003;
Valenzano et al., 2006).

The results of cancer chemoprevention studies in labora-
tory animal models demonstrate that resveratrol can inhi-
bit carcinogenesis in several organ sites (Gescher and
Steward, 2003). Although the compound appears to be
inactive in chemoprevention in the mouse lung (Hecht
et al., 1999; Berge et al., 2004), resveratrol confers signifi-
cant protection against cancer induction in the rat and
mouse mammary gland (Banerjee et al., 2002; Provinciali
et al., 2005), rat and mouse colon (Sale et al., 2005), mouse
skin (Jang et al., 1997; Kapadia et al., 2002; Aziz et al.,
2005), and rat esophagus (Li et al., 2002). Extending these
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experimental data are the results of a recent epidemiology
study suggesting that resveratrol consumption is inversely
related to breast cancer risk: in that study, 50% or greater
reductions in breast cancer odds ratios were observed in
women with the highest levels of resveratrol consumption
(Levi et al., 2005).

The key mechanism(s) underlying the chemopreventive
activity of resveratrol have not been identified. However,
resveratrol demonstrates a broad range of biological effects
that could result in anticarcinogenic efficacy. Mechanisms
of resveratrol action in cancer chemoprevention may
include: modulation of the activity of carcinogen-meta-
bolizing enzymes (Jang et al., 1997; Chun et al., 1999;
Ciolino and Yeh, 1999); scavenging of free radicals
(Leonard et al., 2003); inhibition of malignant transforma-
tion (She et al., 2003); inhibition of cell proliferation
(Sgambato et al., 2001; Joe et al., 2002; Lanzilli et al.,
2006); suppression of cyclooxygenase activity (Subbara-
maiah et al., 1998; Banerjee et al., 2002; Szewczuk et al.,
2004); induction of apoptosis (Surh et al., 1999; Joe
et al., 2002; Dong, 2003); and inhibition of angiogenesis
(Tseng et al., 2004; Garvin et al., 2006).

The chemopreventive activity of resveratrol in experi-
mental models, when considered with its relatively benign
toxicity profile in laboratory animals (Juan et al., 2002;
Crowell et al., 2004), suggests that resveratrol merits
consideration for efficacy evaluation in human cancer pre-
vention trials. Clinical evaluation of the chemopreventive
efficacy of resveratrol will require the conduct of random-
ized trials involving chronic administration protocols.
Prior to the conduct of such trials, it is essential to
demonstrate that resveratrol is not, in itself, carcinogenic.
A priori, one might consider carcinogenesis to be an
unlikely result of chronic exposure to an antioxidant
polyphenol. However, recent reports from several groups
demonstrate that resveratrol induces micronuclei, sister
chromatid exchanges, and other evidence of DNA damage
in in vitro genotoxicity assays (Matsuoka et al., 2001,
2002; Schmitt et al., 2002; Fukuhara et al., 2006). As a
result, evaluation of the possible carcinogenicity of
resveratrol is an essential element of its preclinical
development.

The present studies were performed to evaluate the pos-
sible oncogenic activity of resveratrol in the TSG-p53(±)

mouse (p53 knockout mouse), and to characterize the
plasma pharmacokinetics of resveratrol and its major
metabolites in mice following oral (gavage) dosing. The
p53 knockout mouse is accepted by several regulatory
agencies as an alternative model for oncogenicity bioassays
(McDonald et al., 2004), and demonstrates a >85% concor-
dance with the results of chronic rodent oncogenicity bio-
assays (Storer et al., 2001). These studies address a key
regulatory requirement for the entry of resveratrol into
clinical trials for cancer prevention, and will provide criti-
cal laboratory data relevant to the possible utility of resve-
ratrol as a cancer preventive agent in humans.
2. Materials and methods

2.1. Animal welfare

Prior to the initiation of experimentation, study protocols were
reviewed and approved by the IIT Research Institute Animal Care and
Use Committee. All work involving experimental animals was performed
in full compliance with NIH Guidelines for the Care and Use of
Laboratory Animals.
2.2. Animals and animal husbandry

C57BL/6 and TSG-p53(±) (heterozygous p53 knockout) mice were
purchased from Taconic, Germantown, NY. The p53 knockout mouse is a
genetically engineered animal strain that is accepted by the United States
Food and Drug Administration (FDA) as an alternative model for
oncogenicity bioassays of agents that demonstrate either clear or equiv-
ocal genotoxic activity. The European Committee for Proprietary
Medicinal Products accepts oncogenicity studies in this model for all
agents, regardless of demonstrated genotoxicity (McDonald et al., 2004).
The C57BL/6 mouse is the non-transgenic parental strain of the TSG-
p53(±) mouse, and is commonly used for range-finding and pharmacoki-
netics studies conducted in association with oncogenicity studies
performed in the TSG-p53(±) mouse model system.

Mice were received at 6–8 weeks of age and were quarantined for one
week prior to the administration of test or control articles. Mice were
housed individually in suspended stainless steel cages in a windowless,
climate-controlled room that was maintained on a 12-h light/12-h dark
cycle. At all times during the quarantine and dosing periods, animals were
permitted free access to certified Purina Laboratory Chow 5002 (PMI
Feeds, Richmond, IN) and coarse-filtered City of Chicago water (delivered
via an automatic watering system). After randomization into experimental
groups, mice were identified by tail tattoo; no transponders were used to
identify animals in any study.
2.3. Test and control articles

Resveratrol (3,5,4 0-trihydroxy-trans-stilbene; C14H12O3; CAS No. 501-
36-0; purity = 99.5%) was obtained from Royalmount Pharma, Inc.
(Montreal, Quebec, Canada), and was administered in a vehicle of 0.5%
(w/v) aqueous methylcellulose containing 0.2% (w/v) Tween 80 (Sigma
Chemical Co., St. Louis, MO). Mice in the vehicle control groups in the
range-finding and definitive oncogenicity studies received daily gavage
administration of vehicle only. Mice in the positive control group in the
oncogenicity study received daily oral (gavage) exposure to p-cresidine
(Sigma). p-Cresidine (3-amino-4-methoxytoluene, 2-methoxy-5-methylan-
iline; C8H11NO; CAS No. 120-71-8; purity = 98.5%) induces urinary
bladder cancers in TSG-p53(±) mice, and has been used previously as a
positive control article for oncogenicity bioassays in this animal model
(Storer et al., 2001; Johnson et al., 2006).
2.4. Dose range-finding study design

A four-week dose range-finding study was conducted in mice to sup-
port dose selection for the definitive oncogenicity evaluation. Using a
computerized randomization procedure that blocks for body weights,
C57BL/6 mice were randomly assigned to groups of 10/sex. After ran-
domization, mice received daily gavage exposure to resveratrol at doses of
0 (vehicle control), 1000, 2000, 3000, 4000, or 5000 mg/kg/day for 28
consecutive days. All study animals were observed twice daily for mor-
tality or evidence of moribundity, and were weighed weekly. On study day
29, all mice were bled for clinical pathology evaluations, were euthanized
by CO2 asphyxiation, and received a limited gross necropsy with collection
of gross lesions only. Histopathology was not performed.
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2.5. Pharmacokinetics study design

To characterize the plasma pharmacokinetics of resveratrol and its
primary metabolites, 60 female C57BL/6 mice received a single oral
(gavage) dose of 4000 mg resveratrol per kg body weight. Six animals per
time point were euthanized for blood collection at pre-dose, 0.25, 0.5, 1, 2,
4, 8 and 24 h after resveratrol administration. Plasma was collected and
stored at �80 �C prior to analysis for resveratrol, resveratrol glucuronide,
and resveratrol sulfate.

To quantitate plasma levels of resveratrol, an internal standard (car-
bamazepine) was added to each plasma sample, and the sample was
extracted into ethyl acetate. The ethyl acetate extract was then evaporated,
and the samples were reconstituted in mobile phase (0.13% acetic
acid:acetonitrile [75:25, v/v]). Reconstituted samples were analyzed by
HPLC, using a Phenomenex Spherisorb ODS C18, 5 lm, 250 · 4.6 mm
i.d. column and a flow rate of 1.0 ml/min. Elution time of resveratrol was
9.2 min. The resveratrol content of each sample was determined by mea-
suring absorbance at 310 nm, and was then quantified by comparison to a
standard curve prepared on each day of analysis.

Previous studies have demonstrated that the primary plasma meta-
bolites of resveratrol are its glucuronide and sulfate conjugates (Sale et al.,
2004). To determine the concentration of resveratrol glucuronide, plasma
samples were incubated with b-glucuronidase (E. coli type X-A, 424 units/
[Sigma]) for 1 h at 40 �C, according to the method of Marier et al. (2002).
Samples were then extracted, and resveratrol was quantitated by HPLC as
described above. The quantity of resveratrol glucuronide in each sample
was calculated by subtracting the quantity of resveratrol present in an
aliquot of the sample that had not been incubated with b-glucuronidase
from the quantity of resveratrol present in samples after incubation with
b-glucuronidase.

Plasma levels of resveratrol sulfate were quantitated using the method
of Yu et al. (2002). Plasma containing internal standard (carbamazepine)
was extracted with acetonitrile. After centrifugation, the supernatant was
evaporated to dryness, and then redissolved in enzyme solution containing
sulfatase (Patella vulgata Type V, 0.5 units per sample [Sigma]) dissolved
in 0.15 M NaCl. After incubation for 18.5 h at 37 �C, samples were
extracted for quantitation of resveratrol as described above. The quantity
of resveratrol sulfate present in each sample was calculated by subtracting
the quantity of resveratrol present in samples that had not been incubated
with sulfatase from the quantity of resveratrol present in samples that had
undergone sulfatase treatment.

2.6. Oncogenicity study design

The definitive oncogenicity study was conducted in full compliance
with FDA Good Laboratory Practice Regulations (Title 21, Code of
Federal Regulations, Part 58). In the definitive oncogenicity study, groups
of 25 TSG-53(±) mice per sex received daily oral (gavage) exposure to
resveratrol at doses of 1000, 2000, or 4000 mg/kg body weight/day for six
months. As a result of mortality in the high dose group, the 4000 mg/kg/
day dose level was reduced to 3000 mg/kg/day at the end of study week 4.
Resveratrol was administered in a vehicle of 0.5% (w/v) aqueous
carboxymethylcellulose containing 0.2% (w/v) Tween 80, using a dosing
volume of 10 ml/kg. Mice in the vehicle control group (25 per sex) received
daily gavage exposure to vehicle only (10 ml/kg body weight). Mice in the
positive control group (25 per sex) received daily gavage exposure to
p-cresidine (400 mg/kg body weight/day) for the same period.

Mice were observed twice daily throughout the quarantine and dosing
periods for mortality or evidence of toxicity. Body weights and food
consumption were measured individually for each animal once per week,
and each animal underwent a detailed, hand-held clinical and physical
observation on a weekly basis. Blood samples for clinical pathology
evaluations were collected immediately prior to the terminal necropsy.
Clinical chemistry assays were performed using an automated clinical
chemistry analyzer (Synchron LX-20, Beckman Coulter, Inc., Fullerton,
CA); hematology assays were performed using an automated hematology
analyzer (Advia 120, Bayer Healthcare, Tarrytown, NY).
All mice underwent a complete necropsy with tissue collection. Inter-
current deaths were necropsied immediately after their discovery. At the
end of the six-month dosing period, surviving animals were euthanized in
random order by CO2 asphyxiation; necropsy was initiated within five
minutes of euthanasia. At the terminal necropsy, weights of the adrenals,
brain, heart, kidneys, liver, spleen, testes/ovaries, and thymus were col-
lected individually for each animal. Histopathologic evaluations on
approximately 45 tissues per animal were performed on all animals in the
vehicle control group and on all animals in the groups receiving the low
and middle doses of resveratrol. In consideration of the number of early
deaths in the group receiving the high dose of resveratrol, no histo-
pathologic evaluation of tissues was performed on this dose group.
Histopathologic evaluation of tissues from animals in the positive control
group was limited to the kidney and urinary bladder, known target tissues
for the oncogenicity of p-cresidine (Storer et al., 2001).

2.7. Statistical analysis

Statistical analysis of continuous data (body weight, food consump-
tion, clinical pathology, organ weights) was performed using analysis of
variance, with post hoc comparisons made using Dunnett’s test. Incidence
data (survival, clinical observations, histopathology) were compared using
X2 analysis. A minimum significance level of p < 0.05 was used for all
comparisons.
3. Results

3.1. Dose range-finding study of resveratrol

The results of the range-finding study demonstrated that
the maximum dose of resveratrol that can be delivered to
mice on a daily basis is limited by mortality associated with
impaction of unabsorbed test material in the gastrointesti-
nal tract, rather than by any specific toxicity of the agent
itself. In this study, 40% mortality was observed in male
C57BL/6 mice receiving the highest dose of resveratrol
(5000 mg/kg/day). In all early deaths in this group, a large
mass of unabsorbed test article was identified at necropsy
in the stomach and/or intestines. No pattern of early
deaths was seen in male mice receiving lower doses of res-
veratrol, or in female mice at any resveratrol dose level.

Aside from the mortality associated with the impaction
of resveratrol in the gastrointestinal tract, no clear evidence
of resveratrol toxicity was identified in any dose group.
Group mean body weights were comparable in all groups
(data not shown), and a regular schedule of clinical and
physical observations signs provided no evidence of agent
toxicity. Similarly, clinical chemistry and hematology
assays failed to identify any pattern of resveratrol-associ-
ated toxicity. Other than impaction of unabsorbed test arti-
cle in the gastrointestinal tract and associated organ
dilatation, no pattern of gross lesions that was related to
resveratrol administration was identified in any dose group
in the range-finding study.

On the basis of these data, it was concluded that the
mortality observed in male mice exposed to the high dose
of resveratrol was related to physical factors associated
with the large quantity of test article that was administered,
rather than to any specific toxicity of resveratrol. However,
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the results of this study clearly demonstrated that impac-
tion of unabsorbed test material limits the quantity of
resveratrol that can be administered in repeat-dose studies.
In consideration of the mortality seen in C57BL/6 mice
receiving resveratrol at a dose of 5000 mg/kg/day, the
4000 mg/kg/day dose was selected for use in the pharmaco-
kinetics study and as the high dose in the definitive oncoge-
nicity study.

3.2. Pharmacokinetics study of resveratrol

The results of the pharmacokinetics study demonstrated
that resveratrol is rapidly absorbed after an oral (gavage)
dose, and is almost completely metabolized to conjugated
metabolites very soon after absorption.

Fifteen minutes after administration of a single dose of
4000 mg resveratrol per kg body weight, plasma concentra-
tions of resveratrol glucuronide and resveratrol sulfate
were comparable (�47 ± 25 lmol/L) and were approxi-
mately 10-fold greater than the plasma concentration of
the parent compound (4.2 ± 2.0 lmol/L; Fig. 1). Plasma
concentration of resveratrol reached a maximum of
30.2 ± 15.3 lmol/L at 30 min post-dosing, and declined
thereafter. By contrast, plasma levels of both conjugated
metabolites continued to increase to maxima at 1 h (resve-
ratrol glucuronide: 534 ± 228 lmol/L; resveratrol sulfate:
386 ± 188 lmol/L). From their maximum values at
30 min (parent) or 60 min (metabolites), plasma levels of
the parent drug and both metabolites were decreased at 2
and 4 h, but demonstrated small increases between 4 and
8 h (Fig. 1); the increases in plasma levels seen between 4
and 8 h could reflect enterohepatic circulation. Between 1
and 8 h post-dosing, concentrations of both conjugated
resveratrol metabolites ranged from approximately 15- to
40-times the concentration of the parent drug.

At 24 h post-dosing, plasma levels of both resveratrol
conjugates were in the range of 25–30 lmol/L, while
plasma levels of the parent drug were below the limit of
quantitation (0.5 lmol/L) in five of the six animals sam-
pled. It is interesting to note that mean plasma levels of
resveratrol glucuronide and resveratrol sulfate at 24 h
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Fig. 1. Plasma concentration profiles of resveratrol (- -·- -), resveratrol
glucuronide (–j–), and resveratrol sulfate (- -�- -) in mice following a
single oral (gavage) dose of 4000 mg resveratrol per kg body weight.
post-dosing were comparable to the peak plasma levels of
unconjugated resveratrol seen at 30 min post-dosing.

3.3. Oncogenicity study of resveratrol

Daily gavage administration of resveratrol at the mid
and high doses (2000 and 4000 mg/kg/) induced mortality
in both sexes of p53(±) mice. At necropsy, essentially all
intercurrent deaths demonstrated masses of impacted test
article in the gastrointestinal tract; no gastrointestinal
hemorrhage or other evidence of local resveratrol toxicity
was seen. As such, early mortality in groups receiving the
mid and high doses of resveratrol appears to be a function
of the mass of resveratrol administered, rather than a result
of any agent-specific toxicity.

In male mice in the high dose group (4000 mg/kg/day),
significant mortality was encountered early in the study
(Fig. 2). This mortality necessitated a reduction in the high
dose of resveratrol from 4000 to 3000 mg/kg/day at the end
of study week 4. Significant mortality was first seen in male
mice in the middle dose group (2000 mg/kg/day) after five
weeks of resveratrol administration; this dose of resveratrol
was continued until study termination. Mortality patterns
in female mice (Fig. 3) demonstrated dose- and time-
related mortality patterns that were comparable to those
seen in males.

At the termination of the study at 26 weeks, survival in
male mice was 28% in the high dose group and 64% in the
middle dose group. Similarly, in female mice, survival rates
in the high and middle dose groups were 24% and 60%,
respectively. By contrast, survival was 100% in animals
exposed to the low dose of resveratrol (1000 mg/kg/day),
and 100% in mice receiving the positive control article
(p-cresidine, 400 mg/kg/day). Survival rates in male and
female mice in the vehicle control group were 96% and
100%, respectively.
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Fig. 2. Survival of male TSG-p53(±) mice receiving daily oral exposure to
resveratrol. Essentially all mortality in mice receiving resveratrol
doses P 2000 mg/kg/day was associated with impaction and accumula-
tion of resveratrol in the gastrointestinal tract.
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Fig. 3. Survival of female TSG-p53(±) mice receiving daily oral exposure
to resveratrol. Essentially all mortality in mice receiving resveratrol
doses P 2000 mg/kg/day was associated with impaction and accumula-
tion of resveratrol in the gastrointestinal tract.
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Weekly clinical observations, body weight measure-
ments, and quantitation of food intake failed to identify
any evidence of toxicity in surviving animals exposed to
resveratrol. In male mice, mean terminal body weights in
resveratrol-treated groups ranged from 94.7% to 103.1%
of vehicle control, while terminal body weights in female
mice receiving resveratrol ranged from 97.7% to 104.5%
of vehicle control (p > 0.05 for all comparisons). By con-
trast, statistically significant reductions in food consump-
tion were seen during all study weeks in groups exposed
to the positive control article, p-cresidine. These reductions
in food consumption were correlated with reductions in
mean body weight and body weight gain: statistically sig-
nificant reductions in group mean body weight in mice
exposed to p-cresidine were first seen in males at week 4
and in females at week 5; these reductions persisted
throughout the study. At study termination, group mean
body weights in male and female mice receiving p-cresidine
were 82.4% and 89.0% of mean body weight in sex-matched
vehicle controls (p < 0.05 for both comparisons).

Clinical pathology evaluations performed on samples
collected at the terminal necropsy provided little evidence
of resveratrol toxicity. Modest (<40%) but dose-related
and statistically significant increases in serum cholesterol
were seen in both sexes (Table 1). Small (<15%) but statis-
tically significant reductions in red blood cell count, hemat-
Table 1
Selected clinical pathology parameters in p53(±) (p53 knockout) mice receivin

Resveratrol dose
(mg/kg/day)

Male
cholesterol
(mg/dL)

Male RBC
(106/ll)

Male
hemoglobin
(g/dL)

M
he
(%

0 (vehicle control) 82 ± 8 10.8 ± 0.3 15.5 ± 0.4 53
Resveratrol – 1000 79 ± 15 11.0 ± 0.4 15.6 ± 0.5 53
Resveratrol – 2000 85 ± 13 10.9 ± 0.6 15.3 ± 1.3 53
Resveratrol – 4000/3000 101 ± 21a 9.8 ± 0.8a 13.7 ± 1.5a 46

a p < 0.05 versus vehicle control.
ocrit, and hemoglobin were seen in male mice in the high
dose group (Table 1), but were not present in male mice
receiving lower doses of resveratrol or in females in any
dose group. Occasional statistically significant differences
from vehicle control were found in several other clinical
pathology parameters in mice exposed to resveratrol. How-
ever, these changes were generally small (<10%), not dose-
related, observed in one sex only, and involved test values
that remained within normal limits of the assay. As such,
these differences are interpreted as reflecting the large num-
ber of comparisons that were made in the study, and are
not considered to be biologically significant.

As discussed above, masses of unabsorbed test article
and dilatation of the stomach and intestines were consis-
tent necropsy findings in early deaths from groups receiv-
ing the high and middle doses of resveratrol. By contrast
to these findings in early deaths, necropsy findings were
unremarkable in surviving animals in the high and middle
dose groups, and in all animals in the low dose and vehicle
control groups. Organ weight data collected at the terminal
necropsy demonstrated statistically significant, dose-
related increases in absolute and relative liver weights in
both sexes of mice exposed to resveratrol (Table 2), but
no other biologically significant changes.

Histopathologic evaluation of tissues provided no evi-
dence of oncogenicity of resveratrol in p53(±) mice.
Although benign and malignant lesions (primarily lympho-
mas) were seen in all study groups, the incidences of
neoplasms in groups exposed to resveratrol did not differ
from incidences of neoplasia observed in sex-matched vehi-
cle controls. A summary of neoplastic lesions identified in
study animals is provided in Table 3.

The positive control article, p-cresidine, induced urinary
bladder neoplasms in both sexes of p53(±) mice (Table 3).
In the positive control group, 44% (11/25) of male mice
were diagnosed with malignancies in the urinary bladder
(eight transitional cell carcinomas, two squamous cell
carcinomas, and one mesenchymal tumor). Similarly,
48% (12/25) of female mice exposed to p-cresidine demon-
strated urinary bladder neoplasms (nine transitional cell
carcinomas and three mesenchymal tumors). In addition
to these malignant bladder lesions, three male mice in the
positive control group demonstrated transitional cell papil-
lomas, a benign lesion that is generally considered to be a
precursor lesion to transitional cell carcinoma.
g chronic oral exposure to resveratrol

ale
matocrit
)

Female
cholesterol
(mg/dL)

Female
RBC
(106/lL)

Female
hemoglobin
(g/dL)

Female
hematocrit
(%)

.4 ± 1.3 61 ± 11 10.3 ± 0.9 14.8 ± 1.3 50.2 ± 4.4

.6 ± 2.3 64 ± 10 10.5 ± 0.4 15.1 ± 0.5 51.7 ± 2.0

.7 ± 3.2 81 ± 12a 10.2 ± 0.5 14.2 ± 1.1 49.1 ± 3.2

.6 ± 5.7a 83 ± 30a 10.0 ± 0.2 14.9 ± 0.6 50.0 ± 1.5



Table 2
Dose-related increases in absolute and relative liver weights in p53(±) (p53 knockout) mice receiving chronic oral exposure to resveratrol

Resveratrol dose
(mg/kg/day)

Absolute liver weight
(males) (g, mean ± SD)

Absolute liver weight
(females) (g, mean ± SD)

Relative liver weighta

(males) (mean ± SD)
Relative liver weighta

(females) (mean ± SD)

0 (vehicle control) 1.67 ± 0.13 1.41 ± 0.28 5.17 ± 0.24 5.29 ± 0.69
Resveratrol – 1000 1.72 ± 0.15 1.49 ± 0.14 5.31 ± 0.39 5.59 ± 0.33
Resveratrol – 2000 1.85 ± 0.17b 1.50 ± 0.20 5.61 ± 0.25b 5.80 ± 0.54b

Resveratrol – 4000/3000 1.85 ± 0.11b 1.67 ± 0.18b 6.05 ± 0.26b 6.11 ± 0.50b

a As percent of body weight.
b p < 0.05 versus vehicle control.

Table 3
Neoplastic lesions in p53(±) (p53 knockout) mice receiving chronic oral exposure to resveratrola or positive control article (p-cresidine)

Lesion site Lesion type Resveratrol dose p-Cresidine dose

0 (vehicle control) 1000 mg/kg/day 2000 mg/kg/day 400 mg/kg/day

Male mice

Lymph node Lymphoma 10/24b 9/25 9/25 –
Thymus Lymphoma 1/25 0/25 0/25 –
Spleen Lymphoma 0/25 0/25 2/25 –
Adrenal cortex Adenoma 0/25 1/25 0/25 –
Prostate Sarcoma 0/25 1/25 0/25 –
Urinary bladder Transitional cell carcinoma 0/25 0/25 0/25 8/25
Urinary bladder Squamous cell carcinoma 0/25 0/25 0/25 2/25
Urinary bladder Mesenchymal tumor 0/25 0/25 0/25 1/25
Urinary bladder Transitional cell papilloma 0/25 0/25 0/25 3/25

Female mice

Lymph node Lymphoma 11/25 9/25 12/25 –
Spleen Lymphoma 2/25 1/25 1/25 –
Pancreas Acinar cell carcinoma 1/25 0/25 0/25 –
Lung Alveolar cell adenoma 0/25 1/25 0/25 –
Urinary bladder Transitional cell carcinoma 1/25 0/25 0/25 9/25
Urinary bladder Mesenchymal tumor 0/25 0/25 0/25 3/25
– Rhabdomyosarcoma 0/25 0/25 0/25 1/25

– Not evaluated.
a Histopathologic evaluation of tissues from mice receiving the high dose of resveratrol was not performed due to high mortality in this dose group.

These animals were not considered to be at risk of oncogenesis.
b Number of lesions identified/number of tissues evaluated.
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Dose-related non-neoplastic changes were identified in
the kidney and urinary bladder of mice exposed to resvera-
trol. Hydronephrosis of mild to moderate severity was a
common, treatment-related finding in surviving mice
exposed to either the 1000 or 2000 mg/kg/day dose levels
of resveratrol. Hydronephrosis was present in 18% of
mid-dose males, 60% of mid-dose females, 20% of low dose
males, and 12% of low dose females. By contrast, hydrone-
phrosis was not diagnosed in any animal in the vehicle
control group. There was no evidence of drug-related
inflammation in the urinary tract of animals with or with-
out hydronephrosis, and no evidence of calculi or other
accumulation of urinary solids was identified. Several
animals with hydronephrosis also demonstrated tubular
necrosis and infarction, suggesting that at least some
instances of hydronephrosis may have resulted from non-
lethal loss of renal tissue rather than from pressure atrophy
associated with urinary tract obstruction.

Epithelial hyperplasia of the urinary bladder was diag-
nosed in 44% of surviving males and 33% of surviving
females in the group exposed to the mid-dose of resvera-
trol. This lesion was not seen in any animal in the low dose
resveratrol group, and was present in 0% of males and 4%
of females in the vehicle control group. By contrast, epithe-
lial hyperplasia of the urinary bladder was present in 100%
of male mice and 96% of female mice in the positive control
group exposed to p-cresidine.

4. Discussion

Data from an expanding body of carcinogenesis studies
in experimental models demonstrate that resveratrol is an
attractive candidate for efficacy evaluation in chemopre-
vention clinical trials. In addition to its anticarcinogenic
activity, resveratrol has a number of cardioprotective, anti-
aging, and other biological activities that suggest its possi-
ble utility in the prevention of cardiovascular and other
chronic diseases. The present oncogenicity study in p53(±)

mice addresses critical scientific and regulatory steps in
the preclinical development of resveratrol for possible
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clinical study as a cancer chemopreventive agent, and may
also support the initiation of Phase II and Phase III clinical
trials to evaluate its utility in the prevention of other
diseases.

An essential part of the preclinical development of any
potential chemopreventive agent to which humans may
receive chronic exposure is the demonstration that the
agent is not carcinogenic in experimental model systems.
Bacterial mutagenesis studies (Ames Tests) with resveratrol
have produced negative results, and thus provide no evi-
dence to support the hypothesis that resveratrol is likely
to be mutagenic and/or carcinogenic in humans. By con-
trast, however, genotoxic effects of resveratrol have been
reported in mutagenesis and DNA damage studies con-
ducted using mammalian cell models. In studies conducted
using L5178 mouse lymphoma cells and Chinese hamster
V79 cells, Smith and colleagues (2002) reported that
resveratrol increases the incidence of sister chromatid
exchanges, induces micronuclei, and increases the incidence
of spindle distortions and dislocated chromosomes. In con-
sidering the sum of the available genetic toxicology data,
resveratrol must be considered to be an agent with, at a
minimum, equivocal genotoxic activity. In consideration
of this demonstrated activity in well-studied genetic toxi-
cology model systems, in vivo studies of the possible carcin-
ogenicity of resveratrol become an increasingly important
component of its preclinical data base.

The results of the present study demonstrate that resve-
ratrol is not oncogenic in TSG-p53(±) (p53 knockout) mice
when the agent is administered at its maximum tolerated
dose for six months. Because the six-month oncogenicity
study in the p53 knockout mouse is accepted by the United
States Food and Drug Administration and other regula-
tory agencies as a suitable preclinical model for carcinoge-
nicity evaluations, the lack of oncogenicity of resveratrol in
the p53 knockout mouse is generally accepted as adequate
evidence of lack of carcinogenicity in murine model
systems.

The maximum dose of resveratrol that could be admin-
istered to mice was limited by a physical factor (impaction
of drug substance in the gastrointestinal tract) rather than
by any chemical-specific toxicity. Differential mortality pat-
terns associated with impaction of the test article appeared
to be related to animal body weight. At each dose level,
animals with higher body weights received a greater total
mass of resveratrol than did animals with lower body
weights. Because the male mice in both studies were larger
than the female mice, the males received a larger mass of
test article each day; this could explain the sex difference
in mortality observed in the range-finding study. Similarly,
the female TSG-p53(±) (p53 knockout) mice used in the
oncogenicity study were larger than the female C57BL/6
mice used in the range-finding study, and therefore received
a greater mass of the test article at each dose. Essentially all
of the mortality due to resveratrol impaction in females in
the oncogenicity study was seen in mice whose body
weights were in the upper portion of the range.
Although resveratrol did not increase the incidence of
any neoplasm in the present study, a number of non-neo-
plastic effects were seen in resveratrol-treated animals. In
evaluating the possible oncogenicity of resveratrol, perhaps
the most significant of these was the finding of urothelial
hyperplasia (generally of minimal to mild severity) in more
than one-third of surviving animals of both sexes in the
group exposed to the mid-dose of resveratrol. Urothelial
hyperplasia was not identified in animals in the low dose
group. Because urothelial hyperplasia could be secondary
to physical factors such as hydronephrosis or urinary
calculi, a post hoc analysis of individual animal data was
performed in the attempt to identify such an association.
No link between hydronephrosis and urothelial hyperplasia
was found, and urinary calculi were not commonly seen in
any experimental group. Because no physical mechanism
can be proposed to explain the increased incidence of uro-
thelial hyperplasia in mice receiving the mid-dose of resve-
ratrol, this is considered to be a direct, dose-related effect of
the test article.

The Cmax of free resveratrol measured in mouse plasma
in the present PK study ranged from 20 to 40 lM, and
plasma levels of resveratrol conjugates in mice were more
than 10-fold higher than levels of free resveratrol. The Cmax

for free resveratrol in mice was reached at 1–2 h after dos-
ing, and plasma resveratrol levels remained above 10 lM
for at least at 8 h. By comparison, the Cmax of free resvera-
trol measured in the plasma of human volunteers enrolled
in a Phase I clinical trial ranged from 0.5 to 2 lM (Royal-
mount Pharma, unpublished data). As in mice, Cmax in
humans was reached between 1 and 2 h post-dosing. The
Cmax for resveratrol in humans also increased in a reason-
ably linear fashion with dose. On this basis, the low and
mid-dose levels of resveratrol administered in the murine
oncogenicity study could be expected to yield plasma levels
of free resveratrol that are at least 5–20-fold higher than
the levels that were measured in humans enrolled in the
Phase I clinical trial. These data suggest that plasma drug
levels in mice in the low dose group (where no urothelial
hyperplasia was seen) are likely to exceed those achieved
in the clinic by a factor of at least 5–10. Similarly, plasma
drug levels in mice in the middle dose group (the lowest
dose group in which urothelial hyperplasia was seen) are
likely to exceed those achieved in the clinic by a factor of
at least 10, and perhaps by as much as 20. In consideration
of these data, it is concluded that urothelial hyperplasia in
p53 knockout mice was seen only at plasma drug levels that
substantially exceed those that are likely to be reached in
humans.

Clinical pathology studies identified small but statisti-
cally significant elevations in serum cholesterol in both
sexes of mice exposed to resveratrol, and a mild anemia
(as indicated by decreases in RBC count, hematocrit, and
hemoglobin) in male mice exposed to the high dose only.
In consideration of the small magnitude of the increases
in serum cholesterol seen in resveratrol-treated mice, it is
considered unlikely that these increases are of toxicologic
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significance. The mechanisms underlying the mild anemia
induced by resveratrol in male mice are unknown; however,
the observed anemia could reflect a minimal toxic effect of
resveratrol, or could result from the activity of resveratrol
as a phytoestrogen (Schmitt et al., 2002).

Statistically significant, dose-related increases in liver
weight were seen in surviving animals exposed to the mid
and high doses of resveratrol. This hepatomegaly was not
associated with any microscopic changes in the liver, but
could reflect the induction by resveratrol of hepatic Phase
II enzymes involved in carcinogen detoxification (Jang
et al., 1997). As discussed above, resveratrol-treated ani-
mals also demonstrated dose-related hydronephrosis and
epithelial cell hyperplasia of the urinary bladder. Although
neither hydronephrosis nor urothelial hyperplasia were
linked to any functional alteration, these findings do iden-
tify the kidney and urinary bladder as possible targets for
resveratrol toxicity. In this regard, the renal and urinary
bladder toxicity of resveratrol identified in the present
study is consistent with the findings of Crowell et al.
(2004) who conducted a four-week toxicity study of resve-
ratrol in rats. By contrast to these data from rodent mod-
els, a recently completed study conducted in our laboratory
did not identify hydronephrosis, urothelial hyperplasia, or
any other significant histopathologic changes in the urinary
tract of beagle dogs receiving daily oral exposure to resve-
ratrol for four weeks. To our knowledge, no toxicology
studies of resveratrol have been conducted in non-human
primates.

The results of the present study demonstrate that
chronic oral administration of resveratrol at its maximum
tolerated dose does not increase the incidence of any malig-
nant or benign neoplasm in TSG-p53(±) (p53 knockout)
mice. Chronic oral administration of resveratrol to mice
at a dose of 2000 mg/kg/day did induce a statistically sig-
nificant increase in the incidence of urothelial hyperplasia,
a proliferative lesion in the urinary bladder. However, mice
exposed to resveratrol at 1000 mg/kg/day demonstrated no
evidence of urothelial hyperplasia, and pharmacokinetic
data suggest that this effect was seen only at plasma resve-
ratrol levels that exceed targeted human plasma levels by a
factor of at least 10. In consideration of the demonstrated
chemopreventive activity of resveratrol in animal models
for cancer in the breast, colon, and other sites; its relative
lack of toxicity at doses generating plasma drug levels that
are similar to targeted drug levels in humans; and its lack of
oncogenicity in predictive animal model systems, resvera-
trol clearly merits further consideration for possible evalu-
ation in human cancer chemoprevention trials.
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