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Resveratrol suppresses prostate cancer progression in transgenic mice
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Resveratrol, a natural polyphenolic phytochemical, has been re-
ported to act as an antioxidant and provide anticancer activities.
We hypothesized that resveratrol would exert a chemopreventive
effect against prostate cancer via regulation of sex steroid recep-
tor and growth factor signaling pathways. In the current study,
Transgenic Adenocarcinoma Mouse Prostate males were fed re-
sveratrol (625 mg resveratrol per kg AIN-76A diet) or phytoes-
trogen-free, control diet (AIN-76A) starting at 5 weeks of age.
Mechanisms of action and histopathology studies were conducted
at 12 and 28 weeks of age, respectively. Resveratrol in the diet
significantly reduced the incidence of poorly differentiated pros-
tatic adenocarcinoma by 7.7-fold. In the dorsolateral prostate,
resveratrol significantly inhibited cell proliferation, increased an-
drogen receptor, estrogen receptor-f3, and insulin-like growth
factor-1 receptor, and significantly decreased insulin-like growth
factor (IGF)-1 and phospho-extracellular regulating Kkinase 1
(phospho-ERK 1). In the ventral prostate, resveratrol signifi-
cantly reduced cell proliferation and phospho-ERKs 1 and 2,
but did not significantly alter insulin-like growth factor-1 receptor
and IGF-1. Serum total testosterone, free testosterone, estradiol,
dihydrotestosterone and sex hormone-binding globulin (SHBG)
concentrations and Simian Virus-40 large T antigen expression
in the prostate were not altered in resveratrol-treated mice. Total
resveratrol concentration in the blood serum of 12-week-old mice
treated for 3 weeks with 625 mg resveratrol per kg diet was
52 + 18 nM. The decrease in cell proliferation and the potent
growth factor, IGF-1, the down-regulation of downstream effec-
tors, phospho-ERKs 1 and 2 and the increase in the putative
tumor suppressor, estrogen receptor-[3, provide a biochemical ba-
sis for resveratrol suppressing prostate cancer development.

Introduction

With an anticipated 27 050 deaths in 2007, prostate cancer is second
only to lung cancer in cancer-related deaths among men (1). In the
prostate, pre-neoplastic lesions start to develop early in life. It has
been reported that men of 20—40 years develop low-grade prostatic
intraepithelial neoplasia (PIN), with a frequency of 9, 16 and 26%,
respectively (2). In addition, high-grade PIN, the precursor to prostate
adenocarcinoma is present at a frequency of 0, 5, 10, 41 and 63% of
men in their 3rd, 4th, 5th, 6th and 7th decades, respectively (3).
According to epidemiological and laboratory data, diet, lifestyle
and environmental exposure could play a major role in the etiology
of prostate cancer (4-7). Therefore, chemoprevention and the use of

Abbreviations: AR, androgen receptor; BSA, bovine serum albumin; DHT,
dihydrotestosterone; DLP, dorsolateral prostate; ELISA, enzyme-linked immu-
nosorbent assay; ERK, extracellular regulating kinase; ER-a, estrogen recep-
tor-o; ER-PB, estrogen receptor-f; IGF, insulin-like growth factor; IGF-BP3,
insulin-like growth factor-binding protein 3; IGF-IR, insulin-like growth
factor-1 receptor; PBS, phosphate-buffered saline; phospho-ERK 1, phospho-
extracellular regulating kinase 1; PIN, prostatic intraepithelial neoplasia; SV-40
Tag, Simian Virus-40 large T antigen; TRAMP, Transgenic Adenocarcinoma
Mouse Prostate; VP, ventral prostate.

dietary supplements without toxicity to reduce cancer risk are ex-
tremely pertinent.

Dietary polyphenols have recently gained much attention with re-
spect to disease prevention. Our laboratory has previously shown that
the polyphenol, genistein, suppresses prostate cancer in transgenic
mice (8). We are also interested in other polyphenols with reported
health benefits. Resveratrol (trans-3,4",5 trihydroxystilbene) is a phy-
toalexin stilbene found in grape products (e.g. wine and berries). It has
been shown to reduce the risk of heart disease (9) and act as an
antioxidant (10) and anti-inflammatory agent (11). In vitro studies
have demonstrated that resveratrol has the ability to halt carcinogen-
esis at the initiation, promotion and progression stages (12). Although
dietary resveratrol has been shown to suppress mammary tumors in
7,12-dimethylbenz(a)anthracene and nitrosylmethylurea induced
mammary cancer models (13-15), chemoprevention of prostate can-
cer has not yet been reported with resveratrol in animal models.

The mechanism of action of resveratrol is not completely eluci-
dated. In cell cultures, resveratrol can activate tumor suppressor gene
pS3 (16), decrease cyclooxygenase-2 expression (17), reduce nuclear
factor-kappa B activation (18) and inhibit protein tyrosine kinase
activity (19). Evidence shows that resveratrol may partially act by
way of sex steroid receptor and growth factor signaling. Using pros-
tate cancer cells, Gao et al. (20) demonstrated the ability of resveratrol
to modulate androgen receptor (AR) by way of the Raf-MEK-extra-
cellular signal-regulating kinase (ERK)-signaling pathway. Another
report described resveratrol as a mixed agonist/antagonist for estrogen
receptor-o. (ER-a) and estrogen receptor-f (ER-B) using cytosolic
extracts from MCF-7 cells and rat uteri (21). Resveratrol has been
shown to alter the insulin-like growth factor (IGF)-signaling pathway
at the ligand (22) and receptor (23) levels in breast cancer cells. A
plethora of in vitro studies have demonstrated a reduction in cell
proliferation and an increase in apoptosis in both androgen-dependent
and -independent prostate cancer cell lines (16,24-27). In vivo studies
investigating the potential of resveratrol to alter sex steroid receptor
and growth factor protein expression, cell proliferation and apoptosis
in the prostate have been limited. It is important to expand on the
findings of in vitro studies to determine their biological relevance in
an animal model prior to using dietary agents in clinical trials.

In this study, we investigated the potential of resveratrol in the diet
to protect against spontaneously developing prostate cancer using the
Transgenic Adenocarcinoma Mouse Prostate (TRAMP) model, an
animal that closely mimics prostate cancer in humans (28). In the
TRAMP model, Simian Virus-40 large T antigen (SV-40 Tag) is under
control of the rat probasin promoter, allowing androgen-regulated
protein expression specific to the epithelium of the prostate. SV-40
Tag acts as an oncogene by interacting with retinoblastoma and p53
tumor suppressor gene products to disrupt cell cycle regulation lead-
ing to uncontrolled proliferation. Already, the TRAMP model has
been used in prostate cancer chemoprevention studies with other di-
etary agents (8,29,30). For this study, we hypothesized that dietary
resveratrol would protect against prostate cancer development, inhibit
cell proliferation and modulate sex steroid receptor expression and
IGF-signaling proteins in the prostate.

Materials and methods

Animals

Animal care and treatments were conducted according to established guide-
lines and protocols approved by the Animal Care and Use Committee of the
University of Alabama at Birmingham. TRAMP male and female breeders
were obtained from the National Cancer Institute Mouse Repository (Cancer
Research Center, Frederick, MD) and used to develop this colony. Then, het-
erozygous transgenic females were bred with non-transgenic C57BL/6 males
in order to generate heterozygous transgenic male offspring (TRAMP C57BL/
6 females x C57BL/6 male breeders). At 3 weeks of age, the offspring were
weaned and tails were clipped. DNA was extracted using a DNeasy Tissue Kit
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(Qiagen, Valencia, CA), and a polymerase chain reaction-based screening
assay was performed to evaluate transgene incorporation (8,28). Dietary treat-
ment with resveratrol was initiated at 5 weeks of age and continued until the
animals were killed at either 12 or 28 weeks of age for mechanisms of action or
chemoprevention studies, respectively. Control animals received powdered
phytoestrogen-free AIN-76A diet (Harlan Teklad Global Diets, Wilmington,
DE). The treatment group received 625 mg resveratrol per kg diet; a dose
extrapolated from the resveratrol mammary cancer chemoprevention study
carried out by Bhat et al. (14). Body weights were monitored at 6, 12, 18,
24 and 28 weeks of age. For cell proliferation analysis and protein biomarkers,
animals were killed at 12 weeks of age and dorsolateral prostate (DLP) and
ventral prostate (VP) and testes were excised, weighed, flash frozen in liquid
nitrogen and stored at —80°C until time of analysis. For the determination
of resveratrol concentration in blood serum, 9-week-old mice were treated
with 625 mg resveratrol per kg diet for 3 weeks and killed between 9:00 and
10:00 AM.

Chemicals

Resveratrol, extracted from Rhizoma Polygoni Cuspidati (Xi’an Sino-Dragon
Import & Export Co., China) and tested as 98% pure by High-performance
liquid chromatography was mixed at 625 mg resveratrol per kg AIN-76A diet
by the laboratory of Dr Clinton Grubbs (University of Alabama at Birmingham
Chemoprevention Center).

Histopathology

At time of necropsy in the chemoprevention studies (28 weeks of age), all organs
were examined for gross abnormalities in control (n = 53) and resveratrol-
treated (n = 29) animals. We evaluated macrometastasis to the bone, abdom-
inal wall, lymph nodes, liver, kidney and lung. Also, we monitored prostate,
testes, seminal vesicle and tumor weights. The entire urogenital tract contain-
ing the DLP, VP and urethra were placed in cassettes, immersed in 10%
formalin, dehydrated in a series of alcohol dilutions, fixed in xylene, embedded
in paraffin wax, sliced into 5 pm sections and placed on SuperfrostPlus (Fisher
Scientific, Pittsburgh, PA) microscope slides as described by Folkvord ez al.
(31). Sections were stained with hematoxylin and eosin. Dr Isam Eltoum,
a Board Certified Pathologist, blindly scored each coded sample using the
following grading scale developed specifically for rodents as described by
Wechter et al. (32): Grade 1 (non-cancerous), Grade 2 (low-grade PIN), Grade
3 (high-grade PIN), Grade 4 (well-differentiated lesion), Grade 5 (moderately
differentiated lesion) or Grade 6 (poorly differentiated lesion).

Immunohistochemistry

Immunohistochemistry was employed to measure Ki-67 antigen as a marker
for proliferating cells in DLP and VP of 12-week-old TRAMP mice (six con-
trols, six resveratrol treated). SV-40 Tag was evaluated immunohistochemi-
cally to determine if the effects of resveratrol was due to an indirect effect
caused by a reduction in transgene expression or a direct biological effect on
the prostate. Briefly, paraffin-embedded tissue sections on glass slides were
deparaffinized in xylene and rehydrated in a gradient of alcohols. Samples
were boiled in Antigen Unmasking Solution (Vector, Burlingame, CA) for
20 min and then allowed to cool to room temperature. Endogenous peroxidase
activity was blocked by incubating specimens in 3% H,0, at room temperature
for 10 min. Blocking was done using ready-to-use 2.5% normal horse serum
from the InmPRESS™ Reagent Kit (Anti-Mouse Ig; Vector). Next, mono-
clonal mouse anti-rat Ki-67 antigen, Clone MIB-5 antibody (DakoCytomation,
Carpinteria, CA) or SV-40 Tag (Santa Cruz Biotechnology, Santa Cruz, CA,
SC-147) diluted in phosphate-buffered saline (PBS) with 1% bovine serum
albumin (BSA) was applied to the specimens for 30 min followed by washes in
PBS. ImmPRESS™ Reagent secondary antibody was then applied to the
samples for 30 min followed by washes in PBS. Chromogen, diaminobenzidine
(Vector) was applied to samples for 10 min followed by a wash in tap H,O for
5 min. To counterstain, hematoxylin QS (Vector) was applied to the specimens
for 1 min, followed by a wash in tap H,O. Specimens were immersed in a series
of graded alcohols, placed in xylene and mounted with coverslips using
Mounting Media (Vector). The slides were viewed using a Nikon Labophot-
2 microscope (Nikon Corporation, Tokyo, Japan) and digitally recorded using
a Nikon 8.0 Mega Pixels CoolPix 8700 Digital Camera (Nikon). For cell
proliferation, epithelial cells were counted using Image J software (Image J,
National Institute of Health). The DLP and VP were analyzed separately
(a minimum of 2000 cells counted per lobe per slide). The epithelial cells stain-
ing positive (brown) for Ki67 as well as the non-proliferative epithelial cells
(stained blue) were counted. The proliferative index was defined as the number
of positively stained cells divided by the total number of cells counted x 100.
SV-40 Tag expression was semi-quantitated and localization was evaluated as
described previously (33).

Prostate cancer chemoprevention using resveratrol

Immunoblot analyses

When possible, protein expression levels of sex steroid and growth factor
receptors and their ligands were measured by western blot analysis. Briefly,
tissues were homogenized in radioimmuno precipitation assay lysis buffer
(Upstate, Lake Placid, NY) and protease/phosphatase inhibitors (Sigma, St
Louis, MO). Protein concentrations for each sample were determined using
the Bradford Protein assay (Pierce, Rockford, IL). Protein supernatant from
each sample was added at a ratio of 1:1 to sample buffer containing the
following: 0.5 M Tris, pH 8.8, glycerol, 10% sodium dodecyl sulfate, 1%
bromophenol blue and B-mercaptoethanol. Prior to the analysis of the samples,
antibody conditions were optimized using mice DLP and VP tissue and pos-
itive and negative controls in order to correctly identify the band of interest.
When analyzing our samples via western blot analysis, we occupied all 26
lanes in the gel with eight samples per group (24 total samples) and two
molecular weight ladders (Kaleidoscope and Pre-stained Broad Range (Bio-
Rad, Hercules, CA) per gel in order to correctly identify the band of interest.
Equal concentrations of protein were electrophoresed and transferred to nitro-
cellulose membranes. The membranes were blocked with 5% non-fat milk and
incubated overnight with the appropriate primary antibodies. After a series of
washes, the proper secondary antibody conjugated with horseradish peroxidase
was applied. After an additional series of washes, SuperSignal West Dura
Chemiluminescence (Pierce) was applied to detect the proteins of interest.
The relative intensity of the bands was measured using VersaDoc Imaging
System (BioRad). Antibodies were purchased from commercial sources and
detailed as follows: AR (Santa Cruz, SC-816), ER-a (Santa Cruz, SC-542),
insulin-like growth factor-1 receptor (IGF-1R) (Santa Cruz, SC-712), insulin-
like growth factor-binding protein 3 (IGF-BP3) (Santa Cruz, SC-9028), phos-
pho-extracellular regulating kinases 1 and 2 (phospho-ERKs 1 and 2) (Cell
Signaling Technology, Danvers, MA, #9101S) and total-extracellular regulat-
ing kinases 1 and 2 (total ERKs 1 and 2) (Cell Signaling, #9102). Positive
protein controls purchased from the supplier of the corresponding antibodies
and the use of Kaleidoscope Precision Plus Protein and Pre-stained sodium
dodecyl sulfate—polyacrylamide gel electrophoresis Broad Range standards
(BioRad) were employed in order to identify the protein of interest.

Enzyme-linked immunosorbent assay

IGF-1 and ER-P proteins were quantitated via enzyme-linked immunosorbent
assay (ELISA) (34) because reliable antibodies to evaluate these proteins by
western blot analysis were not available. Kinetic curves were set up for each
protein to establish zero order kinetics. For each sample, 1 pg of protein was
diluted in 100 pl of coating solution (10 mM PBS, pH 7.2) and applied to a 96-
well Nunc-Immuno Plate (Nalge Nunc International, Rochester, NY). Next,
overnight incubation at room temperature and a series of washes with 1x
PBS + 0.05% Tween 20 (BioRad) were implemented. PBS + 1% BSA was
applied for 1 h to block extraneous binding sites and then washed. The appro-
priate primary antibody, IGF-1 (Santa Cruz, SC-9013) or ER- (Upstate, #06-
629), diluted in 10 mM PBS + 1% BSA was added and incubated for 2 h. After
washing with PBS, horseradish peroxidase-conjugated secondary antibody di-
luted in PBS + 1% BSA was incubated for 4 h at room temperature. Following
a series of washes, the reaction was incubated with the ImmunoPure TMB
Substrate Kit (Pierce) and halted using 2 N H,SO,4 as a stopping solution.
Samples were run in duplicate and the absorbance at 450 nm was read in an
OPTI max Microplate reader (Molecular Devices, Sunnyvale, CA). For the
IGF-1 assay, mouse liver with and without IGF-1 primary antibody served as
positive and negative controls, respectively. Rat prostate with and without
ER-P primary antibody was used as positive and negative controls for the
ER-f assay.

Sex steroid blood serum concentrations

Serum total testosterone (bound and unbound), free testosterone (unbound),
serum-hormone-binding globulin (SHBG), dihydrotestosterone (DHT) and
estradiol concentrations were measured from 12-and 28-week-old control and
resveratrol-treated transgenic animals using radio-immunoassays (Diagnostic
Systems Laboratories, Webster, TX) as described by the manufacturer. All
samples were run in duplicate with eight samples per group by Dr John Mahan
(obstetrics/gynecology Department, University of Alabama at Birmingham,
Birmingham, AL).

Resveratrol blood serum concentrations

Since rodents are nocturnal animals and eat predominately at night, blood
samples were collected in the morning. Immediately following blood collec-
tion, serum was pooled (five mice per sample), centrifuged at 1200g for 15 min
and stored at —80°C until processed for analysis. Resveratrol stock solution
was prepared in 80% methanol in water at a concentration of 1.0 mg/ml. The
lower limit of quantification using these methods was at a signal-to-noise ratio
of 10:1 (5 nM resveratrol). Interassay coefficients of variation were <30% at
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lower limit of quantification. Standard working solutions (0.05-25 puM) con-
taining chrysin, phenolphthalein and 4-methylumbelliferone sulfate (internal
standards, all 100 nM, as markers of effective hydrolysis) were prepared by
appropriate dilution with 80% methanol in water. Mice serum samples (0.2 ml)
were diluted into ammonium acetate buffer, pH 5, and reacted with Helix
pomatia B-glucuronidase-sulfatase at 37°C for 4 h and the aglucones were
extracted twice with 2 ml ethyl acetate by vortexing for 1 min in a 5 ml glass
test tube. Chrysin was added as a recovery marker for the aglucones. The ethyl
acetate phases were separated by centrifugation for 10 min at 3000g. The
extracts were evaporated to dryness under nitrogen and then reconstituted in
100 pl of 80% aqueous methanol. Aliquots (20 pl) of the reconstituted extract
were injected onto a 2.0 x 100 mm Luna 3 um Phenyl-hexyl reverse-phase
column (Phenomenex, Torrance, CA). The mobile phases were (A) 10 mM
NH4OAc and (B) acetonitrile 10 mM NH4OAc. The column was pre-equili-
brated in 20% B:80% A. After injection, the concentration of B in the mobile
phase was increased at 5%/min to 100% B over a 0-5 min period. Then, the
concentration of B was decreased to 0% at 50%/min for 1 min and then held
isocratically for another 4 min. The total cycle time was 10 min per sample.
The mobile phase flow rate was 0.2 ml/min. The column eluate was passed into
the chemical ionization interface of a MDS-Sciex 4000 Qtrap triple quadrupole
mass spectrometer (MDS Sciex, Ontario, Canada). The interface was operated
in the negative mode with a source temperature of 400°C and a nebulizing
current of 3 amp. Resveratrol was detected by selecting its [M—H]~ molecular
ions in the first quadrupole, causing collisional dissociation with nitrogen gas
and selecting a specific daughter ion fragment in the third quadrupole. Selected
fragment ions for resveratrol were used for specific and quantitative measure-
ments using a multiple reaction ion monitoring mass spectrometry approach.
The cycle time for the complete group was 0.93 s. All sera were independently
analyzed in duplicate. Individual ion chromatograms representing each com-
pound were analyzed by Analyst 1.4.1 and the area under the peak eluting in
the correct time window was determined. This was normalized to the chrysin
internal standard peak and the relative peak area was plotted against concen-
tration of the standard. After fitting the response curve to a polynomial func-
tion, the relative areas for the unknowns were calculated by interpolation.

Statistics

Fisher’s exact test was implemented to evaluate histopathological grade fre-
quencies among treatment groups. For biochemical data generated from im-
munoblot analysis and ELISA, statistical comparisons were performed using
two-sample Student’s #-test assuming unequal variances. We considered
P < 0.05 to be significant.

Results

Resveratrol in the diet suppressesd prostate cancer development in
TRAMP mice. By 28 weeks of age, TRAMP mice fed control diet
developed high-grade PIN (Grade 3) and prostate cancer (Grades 4—6)
at a frequency of 34 and 67%, respectively (Table I). None of the
animals on control diet demonstrated normal (Grade 1) or low-grade
PIN (Grade 2). Resveratrol in the diet significantly reduced the in-
cidence of poorly differentiated prostatic adenocarcinoma (Grade 6
lesions) from 23 to 3% (7.7-fold) and delayed the progression of well
differentiated (Grade 4 lesions) from 42% in controls to 62% in re-
sveratrol-treated mice. There was no statistical change in latency,
number of tumors per animal, tumor weight or number of liver, kidney,
lung or lymph node metastases between the control- and resveratrol-
treated animals. Following necropsy, all animals were confirmed to be

Table I. Histopathological analysis of the urogenital tract of 28-week-old
TRAMP mice fed control AIN-76A diet or AIN-76A diet supplemented with
625 mg resveratrol per kg diet starting at 5 weeks of age

Treatment n Grade level
1 2 3 4 5 6
Control 53 0% 0% 34% 42% 2% 23%

Resveratrol 29 0% 0% 31% 62% 3% 3%"

Samples were given a score of 1 (no tumor), 2 (low-grade PIN), 3 (high-grade
PIN), 4 (well-differentiated tumor), 5 (moderately differentiated tumor) and

6 (poorly differentiated tumor) depending on the presence and progression of
lesions. Results are the percentage of mice as a function of the pathological score.
“P = 0.027 compared with control treatment.
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transgenic by a second round of tail clipping and polymerase chain
reaction.

To determine if the effect of resveratrol was directly on the probasin
promoter, we measured SV-40 Tag expression. There was no differ-
ence in SV-40 Tag expression in the prostate epithelium of resveratrol-
treated mice compared with controls (Figure 1A and B).

Resveratrol in the diet was well tolerated and there was no evidence
of toxicity. There was no significant change in body weights in re-
sveratrol-treated mice compared with controls at 6, 12, 18, 24 and 28
weeks of age (data not shown). Likewise, there was no significant
difference in food or water intake in resveratrol-treated mice when
compared with controls. Furthermore, there was no significant change
between treatment groups in the following tissue weights at 12 and 28
weeks of age: testes, DLP, VP and tumor weight. Testes to body
weight ratios did not differ between resveratrol and control-treated
mice (data not shown).

Resveratrol decreased cell proliferation in prostates of TRAMP
mice (Figure 1C and D). We elected to carry out mechanistic studies
at 12 weeks because TRAMP mice develop premalignant lesions by
10-12 weeks of age. Hence, this is a good sampling time to investigate
cell proliferation and biomarkers as mechanisms of action prior to the
time that tumors become large and compromise oxygen and nutrients
to the tissue. Furthermore, at 12 weeks, these animals have been
exposed to the resveratrol for 7 weeks and that is shortly after PIN
is measurable, but with no tumors. Using the Ki67 assay, we found
that resveratrol significantly decreased cell proliferation in the DLP
by 50%, in the VP by 31% and in the entire prostate (DLP + VP
combined) by 43% (Figure 1E).

The sex steroid receptors, AR and ER-p, but not ER-o, were reg-
ulated by dietary resveratrol. In the DLP, resveratrol in the diet caused
a 2.6-fold (160%) increase in AR and a 1.65-fold (65%) increase in
ER-f protein expressions, but no significant change in ER-a (Figure 2).
In the VP of resveratrol-treated TRAMP mice, AR and ER-o
protein levels were not significantly different from those of controls.
Because of limited sample volume, ELISA for ER-f} in the VP was not
possible.

The IGF-1-signaling proteins were differentially regulated by re-
sveratrol in the DLP and VP. Resveratrol treatment significantly re-
duced IGF-1 in the DLP, but not in the VP (Figure 3). On the other
hand, resveratrol resulted in up-regulated IGF-1R in the DLP, but
down-regulated IGF-1R in the VP. The expression of IGF-BP3, the
most abundant binding protein, was not significantly changed in the
DLP or VP (data not shown). In addition, we investigated the effect of
resveratrol on the major site of IGF-1 production, the liver. IGF-1,
IGF-1R and IGF-BP3 protein expression did not differ in the liver
between control and treated animals (data not shown).

Resveratrol decreased the protein levels of phosphorylated ERKs 1
and 2. The protein kinases, ERK-1 (p44 MAPK) and ERK-2 (p42
MAPK) belonging to an extensively studied group of mitogen-acti-
vated protein kinases were measured. Phospho-ERK 1 (activated
form) was decreased 51% in the DLP and phospho-ERKs 1 and 2
in the VP were down-regulated 34 and 43%, respectively (Figure 4).
On the other hand, total-ERKSs 1 and 2 (phosphorylated plus unphos-
phorylated) remained unchanged in DLP and VP (data not shown).

Resveratrol did not alter sex steroid concentrations in the blood
serum. We quantified sex steroid concentrations in the blood serum
of 12- and 28-week-old TRAMP mice fed control or resveratrol-
containing diet. Total testosterone, free testosterone, estradiol, DHT
and SHBG did not differ significantly between resveratrol- and control-
treated mice (data not shown). Resveratrol concentrations were de-
termined from blood serum of control and resveratrol-exposed mice.
Total resveratrol (free and conjugated) concentration in the blood
serum of 12-week-old mice treated for 3 weeks with 625 mg resver-
atrol per kg diet was 52 + 18 nM.

Discussion

To our knowledge, this is the first study to show that resveratrol in the
diet suppresses spontaneously developing prostate cancer in an animal
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Fig. 1. SV-40 Tag and Ki67 expressions in the DLP of 12-week-old TRAMP mice fed AIN-76A diet (control) or AIN-76A diet supplemented with 625 mg
resveratrol per kg diet starting at 5 weeks of age. Sections (A and B) represent immunohistochemical staining of SV-40 Tag in control- and resveratrol-treated mice
prostate cells, respectively, (x40) and (C and D) Ki67 in control- and resveratrol-treated mice prostate cells, respectively (x40). Arrows point to positively stained
epithelial cells. (E) Cell proliferation in the DLP, VP and entire prostate. *P < 0.05 and **P < 0.001 compared with control treatment.

model. There was an 87% decrease (from 23 to 3%) in poorly dif-
ferentiated prostate tumors in resveratrol-fed mice compared with
controls. To accompany this, there was a 42% to 62% increase in
well-differentiated tumors, indicating that prostate cancer was ar-
rested at this stage, i.e. the progression of prostate tumor development
was slowed down. The chemopreventive potential of resveratrol is
supported by the early report of Jang er al. (12), where resveratrol
induced human promyelocytic leukemia cell differentiation, inhibited
the development of pre-neoplastic lesions in 7,12-dimethylbenz(a)
anthracene-treated mouse mammary glands in culture and inhibited
tumorigenesis in a mouse skin cancer model. In addition, three reports
have shown that resveratrol suppressed chemically induced mammary
cancer in Sprague Dawley rats (13-15).

The ability to delay the onset or diminish the progress of slowly
developing cancers such as prostate cancer by chemoprevention can
have a huge impact on human lives. Clinicians and scientists are
aware that men are predisposed for prostate cancer since high-grade
PIN is found in 5, 10 and 41% of men in their 4th, 5th and 6th decades,

respectively (3). Although we may not wipe out prostate cancer, we do
hope to suppress the progression of prostate cancer so men can extend
their lives and quality of life. Supporting our chemoprevention finding
is the mechanistic data that resveratrol can regulate cell proliferation,
sex steroid receptor protein expression and specific growth factor
signaling proteins in the prostate.

A decrease in cell proliferation often accompanies a delay in cancer
progression. In young transgenic mice that demonstrate high-grade
PIN, we observed a 43% reduction in the cell proliferation index in the
prostate of resveratrol-treated TRAMP mice. In comparison, other
studies have illustrated the anti-proliferative effects of resveratrol
(25,27) in both androgen-responsive (LNCaP) and -independent (DU
145 and PC-3) human prostate carcinoma cells lines. In our study,
the reduction in proliferation most probably plays a major factor in
the chemopreventive action of resveratrol. It is important to note that
resveratrol in the diet did not alter the expression of SV-40 Tag in the
prostates of TRAMP mice, since SV-40 Tag was readily detectable in
both resveratrol- and control-treated mice. These results demonstrate
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Fig. 2. AR, ER-o and ER-p protein expressions in DLP and VP of 12-week-old TRAMP mice fed AIN-76A diet (control) or AIN-76A diet supplemented with
625 mg resveratrol per kg diet starting at 5 weeks of age. Upper bands depict western blots for AR and ER-o (C, control and R, resvertrol treatments) and the lower
figure is a graph of densitometry measurements from these western blot analyses plus ELISA for ER-f. Each sample consisted of three pooled prostates and
each group contained seven to eight samples. Densitometry values for control mice were set at 100. There was inadequate sample to perform ELISA for ER-8

in the VP. *P < 0.05 and **P < 0.001 compared with control treatment.

that the observed effects of resveatrol is a ‘direct’ biological effect on
the prostate and not simply through the down-regulation of the trans-
gene. After noting these biological changes, we shifted our focus to
determining underlying mechanisms responsible for the changes in
cell proliferation.

Androgen signaling mediated by the ligand-activated transcription
factor, AR and its corresponding ligands, testosterone and DHT, are
believed to play a major role in prostate development and the etiology
of prostate cancer. Historically, down-regulation in AR has been as-
sociated with a decrease in prostate cancer risk. In contrast, we
showed a 2.6-fold increase in AR in the DLP and no change in the
VP of 12-week-old TRAMP mice. Interestingly, Gao et al. (20) found
that resveratrol enhanced AR transactivation at lower concentrations
and inhibited AR transactivation at higher concentrations in LNCaP
and PC-3 prostate cancer cells. Our data suggest that resveratrol exerts
its action, in part, by modulating the function and expression of AR in
a lobe-specific manner. In regards to this tissue specificity, Prins et al.
(35) reported differential regulation of AR in the separate lobes of the
rodent prostate. Also, it has been reported that spontaneously devel-
oping tumors in TRAMP mice originate first and more extensively in
the DLP than the VP (36). Two plausible causes of the up-regulation
of AR in the DLP by dietary resveratrol could be a consequence of
resveratrol down-regulating androgen levels or a compensation for
reduced growth factor signaling (i.e. IGF signaling) in the prostate.
However, our measurement of total testosterone, free testosterone,
estradiol, DHT and SHBG did not differ significantly between
resveratrol- and control-treated mice. Therefore, the up-regulation of
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AR in the DLP by resveratrol does not seem to account for the chemo-
prevention by resveratrol.

The increase in ER-f by resveratrol may provide protection against
prostate cancer and insight into the mechanism of action of resvera-
trol. Our data compliment a previous study using MCF-10A and
MCEF-7 breast cancer cell lines that showed increased ER-3 messen-
ger RNA levels after resveratrol treatment (37). Moreover, the loss of
ER-f} expression is associated with the progression from normal pros-
tate epithelium to PCa (38) and older ER-f3 knockout mice develop
prostatic hyperplasia (39). Because of the frequent loss of ER-3 ex-
pression in prostate cancer (38), it has been hypothesized that ER-f3
may act as a tumor suppressor (40). It has been suggested that ER-3
may be an attractive therapeutic candidate for prostate cancer inter-
vention (41,42). According to Pak et al. (43), the androgen metabolite,
So-androstane-3, 173-diol, binds to ER-f} and suppresses the growth
of the prostate. Also, ER-o and ER-J are postulated to have different
functions and are expressed at different levels and location in the
prostate. ER-o, expressed solely in prostate stroma, has been shown
to induce cell proliferation and to be elevated in prostate cancer cell
lines (44). On the other hand, ER-J3, expressed in both normal stroma
and secretory prostate epithelium, has been reported to exert a pro-
tective effect by inhibiting proliferation in cancer cells (45). It is
plausible that resveratrol is binding to ER-f in both the prostate
stroma and epithelium or altering the levels of So-androstane-3f,
17p-diol and subsequently eliciting chemopreventive effects in the
TRAMP model by regulating cell proliferation and differentiation.
Unlike many polyphenols, resveratrol binds ER-o. and ER-f3 with

9T0Z ‘9 Yo N U0 A1SIBAIUN S1RIS BILBA|ASULR T2 /6I0'S[euIno[pio X0 uioed//:dny Wwo.j papeo lumod


http://carcin.oxfordjournals.org/

Prostate cancer chemoprevention using resveratrol

CRCRCRCRCRCRCRCR
DLP IGF-1IR —» S s ——— T T 95 kda

VP{IGF-1R CRCRCRCRCRCRCRCR —
S ameee e e g Wm

IGF-1 and IGF-1R Protein Expressions
S in 12 Week Old TRAMP Prostate

175 IGF-1 IGF-1IR IGF-1 IGF-1R

*k
150 1 O Control
E Resveratrol

125 1
100
75 ki

50 -

IGF-1 and IGF-1R (Percent of Control)

DLP DLP vp VP
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mg resveratrol per kg diet starting at 5 weeks of age. IGF-1 protein expression was determined via ELISA. Upper bands depict western blots for IGF-1R (C, control
and R, resvertrol treatments) and the lower figure is a graph of the densitometry measurement from the western blot analysis. Each sample consisted of three
pooled prostates and each group contained eight samples. Densitometry values for control mice were set at 100. *P < 0.05, **P < 0.01 and ***P < 0.001
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Fig. 4. Phospho-ERKs I and 2 protein expression in DLP and VP of 12-week-old TRAMP mice fed AIN-76A diet (control) or AIN-76A diet supplemented with
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contained six to eight samples. Densitometry values for control mice were set at 100. *P < 0.05 and **P < 0.01 compared with control treatment.
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comparable relative binding affinities (46). According to Bowers et al.
(21), resveratrol acts as an antagonist for ER-o but an agonist for
ER-B. Interestingly, resveratrol-liganded ER-f3 has higher transcrip-
tional activity than estradiol-liganded ER-P. Therefore, resveratrol
has the potential to decrease cell proliferation by antagonizing
ER-o and aid in suppressing prostate cancer by activating ER-f3.

Because the IGF-1-signaling pathway has been associated with
prostate cancer progression, we investigated if resveratrol could regu-
late key proteins in this pathway. In the DLP, IGF-1 was reduced by
52%, but remained unchanged in the VP of resveratrol-treated TRAMP
mice. This decrease in IGF-1 suggests a means of protecting the pros-
tate by reducing the potential for androgen-independent growth often
associated with the IGF-signaling pathway. This down-regulation of
IGF-1 in the DLP by resveratrol is supported by similar regulation of
IGF-1 messenger RNA levels and IGF-2 in breast cancer cells (21—
23,27). At the receptor level, resveratrol displayed differential regula-
tion of IGF-1R in the prostatic lobes, up-regulating expression in the
DLP and down-regulating expression in the VP. This reinforces the
idea that rodent prostate lobes are physiologically different and may
react differently to bioactive chemicals. Up-regulation in the DLP may
be a compensatory effect due to the diminished presence of IGF-1 in
that lobe. Although IGF-BP3 protein levels were not altered, IGF-BP3
has the opportunity to bind higher percentage of IGF-1 in the DLP
because IGF-1 is decreased, thus leading to less activation of available
IGF-1R and a reduction in growth factor signaling. In contrast, it has
been reported that IGF-1 may act as a negative feedback signal to
repress expression of IGF-1R because high IGF-1 levels result in a de-
cline in IGF-1R (47). On the other hand, resveratrol does down-
regulate IGF-1R in the VP, an action that can be viewed as a positive
effect against cell proliferation and prostate cancer.

In addition to the modulation of IGF-1 signaling at the ligand and
receptor level, downstream effector proteins (ERKs) were also regu-
lated by resveratrol. We found a significant decrease in phospho-ERK
1 in the DLP and VP and a significant decrease in phospho-ERK 2 in
the VP. Activation of ERKs 1 and 2 occur concomitant with prostatic
epithelial cell proliferation and the initiation of cancer in the TRAMP
model (48). According to Stewart (49), resveratrol antagonized EGFR-
dependent ERKs 1 and 2 activation in androgen-independent prostate
cancer cell lines. Mitogen-activated protein kinase signaling can be
initiated by several growth factor ligand/receptor complexes including
IGF and EGF signaling, and ultimately leads to the activation of ERKs
1 and 2 (50). Upon phosphorylation, ERKs 1 and 2 translocate to the
nucleus and phosphorylate a wide array of transcription factors lead-
ing to the transcription of genes involved in proliferation, cell survival
and differentiation. In TRAMP mice, resveratrol appears to regulate
the IGF-signaling pathway at the ligand (IGF-1) and receptor (IGF-
1R) level, thus reducing ERKs 1 and 2 activation. It appears that the
down-regulation of IGF-1 plays a bigger role than the up-regulation of
IGF-1R in the DLP since the downstream effector, phospho-ERK 1, is
also down-regulated. It appears that the decrease in the cell prolifer-
ation is a result of the decreased signaling via the mitogen-
activated protein kinase pathway. Also, the increase in AR protein
expression in the DLP may be a compensation for reduced IGF-1
signaling in that particular lobe. Despite the uncertainty in the signif-
icance of up-regulated AR, resveratrol ultimately displayed decreases
in phospho-ERKs 1 and 2, downstream effectors of not only the IGF-
signaling pathway but also androgen signaling (51).

Our data demonstrate the selective actions of resveratrol and the
differential regulation of the DLP and VP in the TRAMP model. As we
expected, the most significant changes in protein biomarkers (IGF-1,
ER-f, phospho-ERK) occurred in the DLP, where decreases in pro-
liferative index were the most profound. Although the mechanism of
action of resveratrol within each lobe varies, it is possible that inter-
action between the lobes could play a factor in the development and
prevention of prostate cancer in this model. Likewise, the various
zones within the human prostate may interact and contribute to tumor-
igenesis. In comparing the human prostate to the rodent prostate, the
former is composed of three ‘zones’ including the central zone, peri-
urethral transition zone and the peripheral zone (52). On the other
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hand, the rodent prostate can be divided into the ventral, anterior
and dorsolateral lobes. In the TRAMP model, prostate cancer is re-
ported to initially develop in the DLP (36). It has been shown that
prostate cancer develops to a lesser extent and at a later date in the VP
(36,53). In a study conducted by Wikstrom (53), prostate cancer (in-
cluding well-differentiated, moderately differentiated and poorly dif-
ferentiated tumors combined) developed 75% less in the VP than in
the DLP at 36 weeks of age. Historically, it had been reported that
the DLP of the rodent prostate is embryologically homologous to the
peripheral zone of the human prostate, where the majority of prostate
adenocarcinomas and PIN occurs (54). However, it was recently con-
cluded by a panel of expert pathologists that definitive data does not
exist to conclude that one lobe in the rodent model is more homolo-
gous to the peripheral zone in the human than another (52). Therefore,
we focused our attention on both the DLP and VP. It is fundamentally
important to differentiate between the actions of resveratrol in both
lobes of the rodent. Future work should determine the similarities and
differences in biochemistry between rodent prostate ‘lobes’ and hu-
man prostate ‘zones’ in order to correctly correlate animal studies
with the clinical manifestations of human prostate cancer.

In the current study, the treatment group received 625 mg resver-
atrol per kg diet, a dose extrapolated from the resveratrol mammary
cancer chemoprevention study carried out by Bhat er al. (14). This
dose is equivalent to the consumption of approximately one 750 ml
bottle of red wine per day. This was a proof of principle study and
future studies will be designed to use lower concentrations of resver-
atrol as well as in combination with other polyphenols (i.e. genistein).
It appears that when resveratrol is included in the diet, low nanomolar
blood serum concentrations may be expected, as indicated by the
52 + 18 nM concentration reached in our study. This is in agreement
with a previous study that showed blood plasma levels reached 75 nM
in mice with dietary resveratrol (23 mg/l) (55). Micromolar concen-
trations of peak total resveratrol have been reported 2.5-5 min post-
gavage treatment, but concentrations measured at later time points
(1-2 h) were low nanomolar or undetectable (55,56). Interestingly,
the concentrations observed in mice were significantly lower than
concentrations measured by Whitsett et al. (15) in which female rats
were fed 1000 mg resveratrol per kg diet. Differences in metabolism
and bioavailablity may contribute to the differences in blood serum
resveratrol concentrations observed between mice and rats.

In summary, this is the first study to demonstrate that resveratrol in
the diet can suppress spontaneously developing prostate tumors in
a transgenic animal model. Up-regulation of the tumor suppressor
ER-PB and decrease in the IGF-1/ERK signal transduction pathway
may play a significant role in the prostate chemopreventive actions
of resveratrol. Down-regulation of phospho-ERK, a downstream ef-
fector of sex steroid receptor and growth factor signaling, is a signif-
icant finding and provides tremendous insight into the mechanism of
action of resveratrol. Furthermore, resveratrol’s ability to modulate,
but not completely disrupt, multiple signaling pathways is consistent
with components of natural products protecting against the progres-
sion of cancer, yet not causing toxicity.
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