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Resveratrol Induces Growth Inhibition, S-phase Arrest, Apoptosis,
and Changes in Biomarker Expression in Several Human Cancer
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ABSTRACT

Purpose: We examined the effects of the phytochemical
resveratrol in six human cancer cell lines (MCF7, SW480,
HCE7, Seg-1, Bic-1, and HL60).

Experimental Design and Results: Resveratrol induced
marked growth inhibition in five of these cell lines, with ICg,
values of approximately 70-150 pm. However, only partial
growth inhibition was seen in Bic-1 cells. After treatment with
300 um resveratrol for 24 h, most of the cell lineswere arrested
in the S phase of the cell cycle. In addition, induction of
apoptosis was demonstrated by the appearance of a sub-G;
peak and confirmed using an annexin V-based assay. Cyclin B1
expression levels were decreased in all cell lines after 48 h of
treatment. In SW480 cdls, cyclin A, cyclin B1, and B-catenin
expression levels were decreased within 24 h. There was a
decrease in cyclin D1 expression after only 2 h of treatment,
and this persisted for up to 48 h. This decrease was partially
blocked by concurrent treatment with the proteasome inhibi-
tor calpain inhibitor 1. Using a luciferase-based reporter assay,
resveratrol did not inhibit cyclin D1 promoter activity in
SW480 cells. Furthermore, using arever setranscription-PCR-
based assay, only a higher dose of resveratrol (300 pm) ap-
peared to decrease cyclin D1 mRNA. Seg-1 cells expressed
basal levels of cyclooxygenase-2 (cox-2), which was further
induced by resveratrol. Neither basal levels nor induction of
cox-2 was detectable in the remaining cell lines. Thus, cox-2
does not appear to be a critical target of this compound.

Conclusions: These studies provide support for the use
of resveratrol in chemoprevention and cancer therapy trials.
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Cyclin D1, cyclin B1, B-catenin, and apoptotic index could
be useful biomarkers to evaluate treatment efficacy.

INTRODUCTION

The polyphenolic compound resveratrol (3,5,4'-trihy-
droxy-trans-stilbene) is anaturally occurring phytochemical and
can be found in approximately 72 plant species, including food
products like grapes, peanuts, and various herbs (1). Its exact
physiological function is not known, but it may have roles in
protecting plants against fungal infections and in conferring
disease resistance. Red wine (1.5-3 mg/liter) and grapes (50—
100 wg/g grape skins) are probably its main sources in Western
diets. One of its richest sources is the herb Polygonum cuspi-
datum, which has been used in Asian folk medicine. Previous
investigations have demonstrated its antioxidant and anti-
inflammatory activities, its ability to induce phase Il drug-
metabolizing enzymes, and its ability to inhibit cyclooxygenase
activity and transcription; thus, it has activity in regulating
multiple cellular events associated with carcinogenesis (for re-
view, see Ref. 1). It may also havein vivo activity in modulating
indices of platelet activity and lipid metabolism, which could
explain the epidemiological evidence that red wine may de-
crease coronary heart disease mortality (for a review of its
potential benefits in atherosclerotic heart disease, please refer to
Ref. 2).

Resveratrol has been shown to have growth-inhibitory ac-
tivity in several human cancer cell lines and in animal models of
carcinogenesis. In HL60 promyelocytic leukemia cells, treat-
ment with resveratrol led to growth inhibition, induction of
apoptosis, S-G,-phase cell cycle arrest, and myelomonocytic
differentiation (3, 4). Resveratrol also displayed antiprolifera-
tive activity in JB6 mouse epidermal, CaCo-2 colorectal, and
A431 epidermoid carcinoma cell lines (5-7). Its effectsin breast
cancer cell lines are more complicated. Whereas some investi-
gators have demonstrated antiproliferative effects in the MCF7,
MDA-MB-231, KPL-1, MKL-F, and T47D cell lines (3, 8, 9),
others have demonstrated growth enhancement in T47D and
MCF7 cells (10, 11). The latter effect appears to be due to the
potential estrogenic effects of resveratrol (10—12). Resveratrol
inhibited tumor formation in several animal models of carcino-
genesis, including mouse 7,12-dimethylbenz(a)anthracene/12-
O-tetradecanoylphorbol-13-acetate-induced skin cancers (1),
azoxymethane-induced colon cancers (13), and transplanted Y o-
shidarat ascites hepatomas (14). In the mouse skin carcinogen-
esis model, resveratrol inhibited the three major steps of carci-
nogenesis, initiation, promotion, and progression (1). However,
the precise mechanisms by which resveratrol exerts these anti-
tumor effects are not known.

Limited epidemiological and clinical evidence suggest that
resveratrol is well tolerated during human consumption and that
it may offer benefits with respect to atherosclerotic heart dis-
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ease. In a small study of 24 healthy male volunteers, trial
participants tolerated the consumption of resveratrol-enriched
beverages, but the effects of this compound on lipid metabolism
and platelet activity were unimpressive (15, 16). Although res-
veratrol is available commercially as a dietary supplement, there
are no published controlled clinical studies demonstrating either
its efficacy or safety in the treatment or prevention of cancer or
coronary artery disease.

In the present study, we used a spectrum of six human
cancer cell lines to further examine the range of antitumor
activity of resveratrol. To obtain insights into its mechanism of
action, we examined the effects of resveratrol on cell prolifer-
ation, cell cycle distribution, apoptosis, and on the levels of
expression of severa cell cycle control proteins. Our results
provide support for the use of resveratrol in clinical chemopre-
vention and chemotherapy trials. In addition, we have identified
potential surrogate biomarkers, which may serve asintermediate
clinical end points in these trias.

MATERIALS AND METHODS

Compounds and Antibodies. Resveratrol was gener-
ously supplied by PureWorld Botanicals (South Hackensack,
NJ) and isolated from the Chinese herb huzhang (P. cuspida-
tum). The compound was supplied in powder form (trans iso-
mer), dissolved (stock solution, 100 mm) in DMSO (Sigma
Chemical Co., St. Louis, MO), and added directly to cell culture
medium at a final concentration of 0.1-0.3% DMSO. Primary
antibodies were obtained from the following companies: (a)
cyclins A, B1, and D1, Upstate Biotechnology (Lake Placid,
NY); (b) B-catenin, Transduction Laboratories (Lexington,
KY); (c) cox-2, Oxford Biomed (Oxford, MI); and (d) actin,
Sigma Chemical Co. LLnL® and PI were obtained from Sigma
Chemical Co.

Cell Lines and Cell Culture. Seg-1 and Bic-1, esopha-
geal adenocarcinoma cell lines established from patients with
Barrett's esophagus, were developed and generously provided
by Dr. David G. Beer (University of Michigan, Ann Arbor, MI).
Human SW480 colon carcinoma and MCF7 breast carcinoma
cell lines were obtained from the American Type Culture Col-
lection (Manassas, VA). The Seg-1, Bic-1, SW480, and MCF7
cells were grown in DMEM (Life Technologies, Inc., Grand
Island, NY) supplemented with 10% fetal bovine serum (Life
Technologies, Inc.). The HCE7 human esophageal sguamous
carcinoma (17, 18) and HL60 promyelocytic leukemia cells
were grown in RPMI 1640 (Life Technologies, Inc.) with 10%
fetal bovine serum. All of the cell lines were maintained at 37°C
in a 5% CO, atmosphere.

Cell Proliferation Assays. Cell proliferation was meas-
ured using the MTT Cell Proliferation Kit | (Boehringer Mann-
heim, Indianapoalis, IN), which colorimetrically measures a pur-
ple formazan compound produced by viable cells. Cells were

3 The abbreviations used are: LLnL, calpain inhibitor I; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; cox-2, cy-
clooxygenase-2; Pl, propidium iodide; PE, phycoerythrin; RT-PCR,
reverse transcription-PCR; ER, estrogen receptor; cdk, cyclin-dependent
kinase.

plated in flat-bottomed, 96-well microtiter plates (4 x 10°
cells/6.4-mm-diameter well). After 12-24 h, cells were treated
with DMSO (0.1-0.3%) or increasing doses of resveratrol.
After 48 h of treatment, cells were treated with 10 pl of MTT
reagent for 4 h at 37°C and then treated with 100 pl of solubi-
lization solution at 37°C overnight. The quantity of formazan
product was measured using a spectrophotometric microtiter
plate reader (Dynatech Laboratories, Alexandria, VA) at 570 nm
wavelength. Results were expressed as a percentage of growth,
with 100% representing control cells treated with DM SO alone.
All experiments were performed in duplicate.

Apoptosis Assays. The percentage of cells actively un-
dergoing apoptosis was determined using annexin V-PE-based
immunofluorescence, as described previously (19). Briefly, cells
were plated in 10-cm culture dishes at concentrations deter-
mined to yield 60—70% confluence within 24 h. Cells were then
treated with either DM SO (0.1-0.3%) or resveratrol (300 pm).
After 48 h of treatment, both adherent and floating cells were
harvested and then double-labeled with annexin V-PE and
7-aminoactinomycin (PharMingen, San Diego, CA), as de-
scribed by the manufacturer. Cells were analyzed using a FAC-
Scan instrument equipped with FACStation running Cell Quest
software (Becton Dickinson, San Jose, CA). All experiments
were performed in duplicate and yielded similar results.

Cell Cycle Distribution Analysis. Pl staining was used
to analyze DNA content. Cells were plated in 10-cm culture
dishes at concentrations determined to yield 60—70% conflu-
ence within 24 h. Cells were then treated with either DM SO
(0.1-0.3%) or resveratrol (300 um). After a24-h treatment, both
adherent and floating cells were harvested, and the cells were
labeled with Pl using previously described methods (20).
Briefly, cells were resuspended in PBS, fixed with 70% ethanol,
labeled with PI (0.05 mg/ml), incubated at room temperature in
the dark for 30 min, and filtered through 41-pm spectra/mesh
nylon filters (Spectrum, Rancho Dominguez, CA). DNA content
was then analyzed using a FACScan instrument equipped with
FACStation running Cell Quest software (Becton Dickinson).
All experiments were performed in duplicate and yielded similar
results.

Protein Extraction and Western Blotting. The meth-
ods for protein extraction and Western blot analysis have been
described previously (21). Briefly, cells were treated with 0.1—
0.3% DM SO (negative control) or resveratrol (300 pm). Exper-
iments with SW480 cells aso included coculture with LLnL
(100 M), as described in the Fig. 8 legend. After 2—48 h of
treatment, cell lysates were prepared, and 30—60 g of protein
were separated by SDS-PAGE (10%). After transfer to nitrocel-
lulose membranes (Millipore, Bedford, MA), blots were blocked
with 5% milk protein, incubated for 1 h with the indicated
primary antibody, and then reincubated for 1 h with the corre-
sponding horseradish peroxidase-conjugated secondary anti-
body. Protein-antibody complexes were detected by the en-
hanced chemiluminescence system (Amersham, Piscataway,
NJ). Immunablotting for actin was performed to verify equiva-
lent amounts of loaded protein.

Luciferase-based Cyclin D1 Promoter Activity Assays.
SW480 cells were seeded in triplicate in 6-well (3.5-cm-diam-
eter) cell culture plates (Becton Dickinson) at a concentration of
1 X 10° cellswell. After 24 h, cells were transfected using

Downloaded from clincancerres.aacrjournals.org on August 7, 2018. © 2002 American Association for Cancer
Research.


http://clincancerres.aacrjournals.org/

Clinical Cancer Research 895

100 -/% -

0.80

—e—_5SW-480
——Seg-1
—0—Bic-1

Fig.1 Growth inhibition of various human car-
cinoma cells after treatment with resveratrol for

48 h. Exponentialy dividing cells were treated 0.60

—3¢—HCET
—e—HLED
—a—MCF7

with increasing concentrations of resveratrol. Cell
viability was determined using the MTT assay.
The percentage of growth was calculated, with

% cell viabllity

100% representing control cells treated with 0.3% 0.40
DMSO alone. The results are the means = SDs
from duplicate experiments (*, P < 0.05).
0.20
0.00

Lipofectin (Life Technologies, Inc.) with two plasmids, one
encoding a cyclin D1 promoter-luciferase construct and the
other encoding a cytomegalovirus promoter-3-galactosidase
construct. The cyclin D1 construct (-1745CD1LUC) was gen-
erously provided by Dr. R. Pestell (Albert Einstein College of
Medicine, Bronx, NY). Transfected cells were incubated over-
night and then treated with resveratrol at a concentration of
either 30, 100, or 300 M. Cells were harvested after 6, 12, and
24 h of treatment and then analyzed for luciferase and 3-galac-
tosidase activities, as described previously (22). The B-galacto-
sidase activities were used to correct for possible differencesin
transfection efficiency.

RT-PCR. SW480 cells were plated in 10-cm culture
dishes at concentrations determined to yield 60—70% conflu-
ence within 24 h. Cells were treated with either DM SO (0.1%)
or resveratrol (30, 100, and 300 pm). After a 12-h treatment,
adherent cells were harvested, and total RNA was isolated using
Trizol reagent (Life Technologies, Inc.) according to the man-
ufacturer’s instructions. Cyclin D1 and B-actin cDNAs were
generated from 1 g of total RNA using specific primers and the
Superscript One-Step RT-PCR system with Platinum Taq (Life
Technologies, Inc.). Sequences for cyclin D1-specific primers
were as follows: CD13, 5-GAACAAACAGATCATCCG-
CAA-3’; and CD14, 5-TGCTCCTGGCAGGCACGGA-3'
(23). B-Actin-specific PCR products were amplified using spe-
cific primers (primer 1, 5'-CCAGGCACCAGGGCGTGATG-
3’; primer 2, 5-CGGCCAGCCAGGTCCAGACG-3') and
served as internal loading controls. PCR was conducted for
20-35 cycles in a Programmable Thermal Controller (MJ Re-
search Inc., Watertown, MA). Each amplification cycle con-
sisted of 0.5 min at 94°C for denaturation, 0.5 min at 55°C for
primer annealing, and 1 min at 72°C for extension. After PCR
amplification, the fragments were analyzed by agarose gel elec-
trophoresis.

Statistical Analyses. Data are expressed as mean = SD.
Comparisons between DM SO-treated control cells and resvera-

30 50 100 200 300

resveratrol (uM)

trol-treated cells were made using Student’s t test. Differences
between groups of P < 0.05 were considered statistically sig-
nificant.

RESULTS

Resveratrol Causes Dose-dependent Growth Inhibition
in Several Human Cancer Cell Lines. To examine the anti-
tumor activity of resveratrol in a variety of human cancer cell
lines, we investigated its effects on cell growth in cell lines of
different histological subtypes (HCE7 esophageal sguamous
carcinoma, Bic-1 esophageal adenocarcinoma, Seg-1 esopha-
geal adenocarcinoma, SW480 colon adenocarcinoma, MCF7
breast adenocarcinoma, and HL60 promyelocytic leukemia
cells). Exponentialy dividing cells were treated with increasing
concentrations of resveratrol (30-300 wm) for 48 h. In the
Seg-1, HCE7, SW480, MCF7, and HL60 cell lines, resveratrol
caused marked growth inhibition, in a dose-dependent fashion,
with ICy values in the range of 70-150 pwm (Fig. 1). However,
the Bic-1 cells were more resistant to growth inhibition because
100 wm resveratrol caused only about 20% growth inhibition
(Fig. 1). Statistically significant reductionsin cell viability were
seen after treatment with 50 pm resveratrol in only three of the
six cell lines (MCF7, HL60, and Seg-1), whereas al cell lines
were significantly inhibited after treatment with 100 pm res-
veratrol (Fig. 1).

Resveratrol Induces Apoptosisin Several Human Can-
cer Cel Lines. Inview of the above-mentioned growth-inhib-
itory effects, we were interested in determining whether resvera-
trol aso induced apoptosis in these cell lines. The cells were
treated with either DM SO alone or 300 M resveratrol for 48 h.
Because we were interested in simultaneously demonstrating
growth inhibition, apoptosis, cell cycle arrest, and changes in
biomarker expression in each cell line, we chose a single con-
centration of 300 wm for most of the subsequent assays. This
dose is at least twice the ICg, value of each cell type. Repre-
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Fig.2 Apoptosis induction. HCE7 and HL60
10 cells were treated with 0.3% DM SO or resveratrol
(300 ™) for 48 h. Cells were double-stained with
annexin V-PE and 7-aminoactinomycin and ana-
lyzed for apoptosis by DNA flow cytometry. The
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Tablel Apoptosisinduction in human cancer cell lines after
treatment for 48 h with DM SO or resveratrol (300 M)

% Apoptosis*

Cdl line DMSO Resveratrol
Bic-1 9 19
Seg-1 14 75
HCE7 6 63
MCF7 10 36
SW480 4 51
HL60 6 93

@ Apoptosis was determined using an annexin V-based assay and
flow cytometry (Fig. 2). The data indicate the percentage of cells
undergoing apoptosis in each sample. All experiments were conducted
in duplicate and gave similar results.

sentative results for the HCE7 and HL60 cells are shown in Fig.
2. In HCE7 cells, the percentage of apoptotic cells increased
from 6% in control cellsto 63% after treatment with resveratrol,
and in the HL60 cells, the percentage of apoptotic cells in-
creased from 6% to 93%, respectively. Data for the other cell
lines are summarized in Table 1. Again, it is apparent that the
Bic-1 cells are relatively resistant to resveratrol. Resveratrol
(300 wm) aso induced apoptosis in each of the cell lines after
24 h of treatment, although to a lesser extent (data not shown).
Our results are consistent with those of previous studies indi-
cating that resveratrol induces apoptosis in the HL60, T47D,
A431, and JB6 cell lines (3, 5, 7).

K
104 100 10! 102
FL2H

HL60 - resveratrol

.
16°

Resveratrol Induces S-phase Cell Cycle Arrest in Sev-
eral Human Cancer Cell Lines. We were aso interested in
examining the effects of resveratrol on cell cycle progression in
exponentialy dividing cultures of these cell lines. Subconfluent
cultures of cells were treated with either DM SO alone or res-
veratrol (300 uMm), at the same concentration used in the above-
mentioned apoptosis assays. After 24 h of treatment, cells were
labeled with Pl and analyzed by DNA flow cytometry. Because
we were interested in evaluating the distribution of actively
dividing cells before the induction of extensive apoptosis, we
harvested cells at 24 h, rather than at 48 h. A representative
histogram for the HCE7 cells is shown in Fig. 3, and the data
obtained with the other cell lines are summarized in Table 2. In
the HCE7, MCF7, SW480, and HL60 cells, resveratrol caused
an increase of cellsin the S phase and a corresponding decrease
of cellsin the G, and G,-M phases. In the Bic-1 cell line, there
was an increase of cellsin the G, phase, and in the Seg-1 cells,
no significant change in cell cycle distribution was seen. Of
note, in resveratrol-treated Seg-1 cells, 50% of the cells were
undergoing apoptosis after only 24 h of treatment, as detected in
a prominent sub-G, apoptotic peak (Table 2). Sub-G, apoptotic
peaks were also detected in the remaining cell lines after 24 h of
treatment (Table 2) and confirmed using the annexin V-based
apoptosis assay (data not shown).

Resveratrol Causes a Decreasein the Expression Levels
of CyclinsD1, A, and B1. Because of the effects on cell cycle
progression seen in Fig. 3 and Table 2, we examined the effects
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Table2 Ceéll cycle distribution of human cancer cell lines after
treatment for 24 h with DM SO or resveratrol (300 M)

Distribution (% cells)?

Cell line Treatment Sub-G, G, S G,-M

Bic-1 DMSO 1 55 26 19
Resveratrol 4 61 28 11
Seg-1 DMSO 8 62 20 20
Resveratrol 50 52 26 22
HCE7 DMSO 4 53 20 27
Resveratrol 11 38 46 16
MCF7 DMSO 0 43 23 34
Resveratrol 1 34 36 30
SwW480 DMSO 4 50 37 13
Resveratrol 15 35 50 15
HL60 DMSO 0 43 32 25
Resveratrol 28 36 49 14

2DNA content was analyzed using Pl staining and DNA flow
cytometry (Fig. 3). The data indicate the percentage of cells in each
phase of the cell cycle. All experiments were conducted in duplicate and
gave similar results.

of resveratrol on the levels of cyclins in SW480 cells. We
conducted a series of time course experiments using cellular
protein extracts after 2, 6, 24, and 48 h of treatment with either
0.3% DM SO or 300 um resveratrol (Fig. 4A). Untreated SW480
cells served as control cells. Western blot analysis demonstrated
that cyclin A and cyclin B1 expression levels did not change
initially but decreased after 24 and 48 h of treatment. Interest-
ingly, cyclin D1 expression decreased after only 2 h of treatment
and remained diminished after 24 and 48 h of treatment. A lower
dose of resveratrol near the ICy, value (100 M) also decreased
cyclin D1 expression significantly at 2, 6, 24, and 48 h (Fig. §;
data not shown). Resveratrol treatment did not affect cyclin E
expression (data not shown). Thus, athough the predominant
effect of resveratrol was to induce S-phase arrest, cyclin D1
appears to be the initial cyclin affected.

Because resveratrol induced an S-phase cell cycle arrest in
the majority of cell lines tested, we investigated whether the
G,-phase cyclin, cyclin B1, was detectable and affected by
resveratrol treatment. Cells were treated with 0.3% DM SO or
300 M resveratrol and analyzed for levels of cyclin B1 expres-
sion after 48 h of treatment (Fig. 4B). Cyclin B1 expression was
detectable in and decreased in al cell lines after treatment with
resveratrol. Again, Bic-1 cells appeared to be less sensitive to

zm a W

Wm0 ) a0l 0 0 100
R4

resveratrol

resveratrol, and its effects on cyclin B1 were diminished. Thus,
this fairly uniform decrease in cyclin B1 expression could
explain resveratrol’s ability to inhibit G,-phase entry.

Resveratrol Decreases B-Catenin Expression in SW480
Cellsand Induces Cox-2 Expression in Seg-1 Cells. B-Cate-
nin is involved in both colon carcinogenesis and cyclin D1
transcriptional regulation (24, 25). Therefore, we investigated
whether resveratrol induced changes in 3-catenin expression in
adenomatous polyposis coli gene-mutated SW480 cells, in
which B-catenin is known to accumulate (25). Cells were treated
with either 0.3% DM SO or 300 ™ resveratrol. Cellular extracts
were evaluated for B-catenin expression after 2, 6, 24, and 48 h
of treatment. Western blot analysis demonstrated that B-catenin
expression did not change initially but decreased after 24 and
48 h of treatment (Fig. 5A).

We also examined whether resveratrol affected cox-2 pro-
tein expression because of this protein’s emerging role in both
cancer development and chemoprevention. Cells were treated
with 0.3% DM SO or 300 wm resveratrol and analyzed for levels
of cox-2 expression after 48 h of treatment. Only Seg-1 cells
expressed basal levels of cox-2, and this level was further
induced by resveratrol (Fig. 5B). Neither basal levels nor induc-
tion of cox-2 was detectable in any of the other cell lines.

Resveratrol Does Not Decrease Cyclin D1 Promoter
Activity. Because cyclin D1 expression was reduced by res-
veratrol after only 2 h of treatment, we investigated whether this
was primarily atranscriptional or posttranslational event. Using
a luciferase-based reporter assay (22), we investigated whether
resveratrol treatment affects cyclin D1 promoter activity. We
transfected SW480 cells with a plasmid containing a cyclin D1
promoter-luciferase construct. Cells were cotransfected with a
plasmid containing a cytomegal ovirus promoter-3-galactosidase
construct to serve as an internal control and account for differ-
encesin transfection efficiency. After transfection, we incubated
these cells with resveratrol (30, 100, and 300 ™) for 6, 12, and
24 h. Luciferase activity was not significantly diminished by
resveratrol after 6 and 12 h of treatment (Fig. 6; 6 h time points
not shown). In fact, there was even a dight induction in activity
after 12 h of treatment. Therefore, these results suggest that the
decrease in cyclin D1 protein expression induced by resveratrol
is not due to a reduction in cyclin D1 transcription. Note that
because a large proportion of transfected cells treated at the
higher dose (300 wwm) were floating, they were not collected
during the assay, which determines activity only in the adherent
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cells. Similar gross cellular toxicity was seen in the 24-h-treated
samples (data not shown).

High Doses of Resveratrol Decrease Cyclin D1 mRNA
Levels. Thereductionincyclin D1 protein expression induced
by resveratrol was not accompanied by areduction in cyclin D1

4+ -

+ resveratrol

cox-2

promoter activity. We further examined whether the levels of
cyclin D1 mRNA were affected by resveratrol treatment using a
semiquantitative RT-PCR-based assay. In this assay, PCR prod-
ucts are generated during both plateau and |og-phase reactions
by conducting 20-, 25-, and 35-cycle rounds of PCR. In this
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180 luciferase activity (%)

resveratrol
30uM 100uM

Fig. 6 Cyclin D1 promoter activity in SW480 cells after treatment with
DMSO or resveratrol for 12 h. Cells were transfected with a cyclin
D1-luciferase reporter construct, as described in “Materials and Meth-
ods” The data are expressed as the percentage of luciferase activity,
with 100% activity resulting from DM SO-treated cells. The results are
the means = SDs from duplicate experiments.
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Fig. 7 RT-PCR anaysis of cyclin D1 mRNA transcripts. RNA was
isolated from untreated SW480 cells or from SW480 cells treated with
DMSO or resveratrol.

approach, these products have been shown to reflect correspond-
ing levels of MRNA (26). In Fig. 7, cyclin D1 band intensities
were similar in untreated cells and in cells treated with DM SO
and 30—100 uMm resveratrol after 20-cycle rounds of PCR. How-
ever, cyclin D1 products were not detected after SW480 cells
were treated with 300 wwm resveratrol. Of note, several culture
dishes of cells treated at this dose were harvested, given the
significant cellular toxicity induced by higher doses of resvera-
trol. In contrast, cyclin D1 band intensities of the 25- and
35-cycle PCR products were unchanged in cells treated at each
dose level of resveratrol (25-cycle round PCR products not
shown). These results suggest that at doses greater than its 1C5,
value, resveratrol appears to diminish the level of cyclin D1
mRNA. Thus, higher doses of resveratrol may contribute to
decreased cyclin D1 protein expression by negatively regulating
transcription.

Resveratrol Induces Cyclin D1 Degradation. Because
resveratrol is able to reduce cyclin D1 protein expression ap-
parently without affecting transcription, we investigated
whether this reduction is due to posttranslational changes. Re-
cent studies have proposed cyclin D1 proteolysis as a chemo-

DMSO resveratrol

100u:M 300pM

20pL 40pL 2w + - + LLnL

Fig. 8 Cyclin D1 protein expression in SW480 cells after cotreatment
with resveratrol and LLnL. Cells were treated with 0.3% DMSO or
resveratrol (100 or 300 M) with or without LLNnL (100 wm). After 24 h
of treatment, cell lysates were evaluated for cyclin D1 expression by
Western blotting.

untreated

cyclin D1

prevention signal and mechanism of action of retinoid com-
pounds (27-29). In these reports, cyclin D1 degradation was
inhibited by the proteasome inhibitor LLnL. We investigated
whether LLnL could similarly prevent the decreasein cyclin D1
expression induced by resveratrol. SW480 cells were treated
with DM SO or resveratrol (100 or 300 M) or cotreated with
resveratrol plus LLnL (100 pm). Because the 300 pm dose
exceeded its ICy, value, we included the 100 v dose level to
confirm resveratrol’s efficacy in decreasing cyclin D1 expres-
sion at doses closer to its ICg, value. After 24 h of treatment,
cellswere harvested, and protein lysates were prepared. Of note,
there was a large amount of floating cells observed in those
plates cotreated with the LLnL compound. Western blot analysis
demonstrated that cyclin D1 expression was highest in DM SO-
treated cells, slightly reduced in cells cotreated with both com-
pounds, and significantly reduced in cells treated with resvera-
trol alone (Fig. 8). Therefore, these experiments demonstrate
that LLnL is able to partialy inhibit the negative effect of
resveratrol on cyclin D1 expression. Thus, the early reductionin
cyclin D1 expression induced by resveratrol may be due to
cyclin D1 degradation.

DISCUSSION

Resveratrol is currently being evaluated in preclinical stud-
ies as a potential cancer chemoprevention agent. It has previ-
ously been shown to have anticancer activities in both cell
culture and animal carcinogenesis models of both hematol ogical
and solid tumors. Although it is widely available in the form of
unregulated herbal supplements, there are relatively little clini-
cal data characterizing its anticancer activities during human
consumption. We carried out the present studies to provide
further evidence to support the use of this compound in cancer
prevention and therapy trials and to identify a panel of surrogate
biomarkers for evaluating its in vivo treatment efficacy. Our
studies demonstrate the broad antitumor properties of this agent
in awide variety of human cancer cell lines. Resveratrol caused
a dose-dependent cancer cell growth inhibition, and this anti-
proliferative effect appears to be due to its ability to induce
S-phase arrest and apoptotic cell death. Furthermore, we have
identified cyclin D1, cyclin A, cyclin B1, B-catenin, apoptotic
index, S-phase arrest, and possibly cox-2 as candidate biomar-
kers for use as surrogate intermediate end points. We have
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further characterized resveratrol’s mechanism of action in
SW480 human colorectal cancer cells. In these cells, resveratrol
decreases the expression levels of cyclin D1, cyclin A, cyclin
B1, and B-catenin. The decrease in cyclin D1 expression ap-
pears to be due more to an induction of its degradation than to
a suppression of its transcription.

Resveratrol has been previously shown to have growth-
inhibitory activity in severa human cancer cell lines of both
hematological and epithelial origin, including HLE0 leukemia
(3), CaCo-2 colorectal carcinoma (6), and A431 epidermoid
carcinoma cells (7). In breast cancer cell lines, however, its
effects on cell growth were not consistent. At higher doses (=50
wm), resveratrol generally inhibited cell growth in both ER+
and ER— breast cancer cell lines (9, 11), athough one study
reported growth inhibition in the 22-175 pum dose range (8). At
lower doses (=25 uwm), resveratrol stimulated cell growth in
ER+ breast cancer cells (9—11). Structurally, resveratrol resem-
bles the synthetic estrogen diethylstilbesterol (12) and can bind
to rat uterine ERs (12, 30), athough at a much lower affinity
than estradiol. Resveratrol has aso been shown to activate
transcription of estrogen-responsive reporter constructs (10, 31).
However, when given s.c. to Wistar rats, resveratrol failed to
induce significant uterotrophic responses, suggesting that its
potential estrogenic activity may not be relevant in in vivo
models (12, 30). However, because of its estrogenic potential,
caution should be used when evaluating its clinical rolein breast
cancer therapy and prevention.

Resveratrol has also been previously shown to induce
apoptosis in leukemia, mammary, and epidermoid cell lines (3,
5, 7). The doses of resveratrol used to induce cellular changes,
including growth inhibition, cell cycle arrest, and apoptosis, can
be divided into three different dose ranges. Whereas resveratrol
can induce specific biochemical effectsin cell culture modelsin
the 1-10 pM™ range, its cytostatic and cytotoxic effects usually
require 25-100 and 100—200 wm concentrations, respectively.
Previous investigators have demonstrated resveratrol’s abilities
to decrease cyclin D1 expression (7, 32), reduce [*H]thymidine
incorporation (33), inhibit phorbol ester-mediated cox-2 induc-
tion (34), decrease ornithine decarboxylase activity (6), and
reduce indices of oxidative damage (35) at concentrationsin the
10-30 ™ range. Two previous studies evaluated concentrations
in the 1-10 pm range (3, 7). In both studies, however, the
majority of resveratrol-induced effects, including significant
growth inhibition, occurred only at concentrations above 25 pm.
Thus, the latter and other studies have shown that doses of
resveratrol in the range of 25-100 pum are required to inhibit
growth in various human cancer and leukemiacell lines (3, 4, 6,
7,9, 32, 35) and that treatment with concentrations below this
range had little effect on growth (4, 6). Similar doses were aso
able to induce cell cycle arrest (3, 6, 7, 32, 35, 36). Two
previous studies demonstrated resveratrol’s ability to induce
apoptosis at its 1Cy, dose for growth inhibition (3, 7). However,
in most of the previous studies, resveratrol did not induce
significant apoptosis or have cytotoxic effects at cytostatic doses
(6, 32, 35, 36). Thus, doses required for resveratrol to induce
apoptosis were often higher than those that induced growth
inhibition and cell cycle arrest (4) and were often in the 100—
200 ™ range (32, 37, 38). In the present study, we chose a dose
of 300 wm to convincingly demonstrate the ability of resveratrol

to induce apoptosis in a variety of human cancer cell lines,
including esophageal and colorectal carcinoma cells, types of
cancer in which resveratrol may have arolein chemoprevention.

As with other types of chemoprevention agents, including
nonsteroidal anti-inflammatory drugs and retinoid compounds,
the antitumor and antiproliferative activities of resveratrol prob-
ably reflect several mechanisms of action. In the present studies,
growth inhibition and induction of apoptosis were observed
within 48 h of treatment. A slight amount of apoptosis could be
detected after only 24 h of treatment by flow cytometry using an
annexin V-based staining assay (data not shown). After only
24 h of treatment, resveratrol prevented cells from entering the
G,, phase of the cell cycle, resulting in the accumulation of cells
in either the G, or S phase. Most of the cell lines demonstrated
an accumulation in S phase, but in Bic-1 cells, resveratrol
treatment led to G;-phase arrest (Table 2). Resveratrol did not
appear to alter the cell cycle distribution in Seg-1 cells, perhaps
because of the extensive apoptosis (50%) seen after only 24 h of
treatment (Table 2). The ability of resveratrol to block the S-G,
transition has been reported previously in HL60 leukemia (4),
U937 lymphoma (36), and CaCo-2 colon cancer cells (6). How-
ever, other investigators have reported an arrest in the G, phase
with A431 cells (7). In the Y oshida rat hepatoma model, Carbo
et al. (14) demonstrated a G,-M-phase cell cycle arrest. The
latter authors suggested that in their in vivo model, lower cel-
lular proliferation rates and host factors, including immune
system-mediated events, might explain this difference. There-
fore, the effects of resveratrol on cell cycle progression can vary
in different experimental systems.

To further characterize the effects of resveratrol, we exam-
ined by Western blot analysis the levels of expression of several
proteins after treating SW480 colon carcinoma cells with res-
veratrol. We found that cyclin B1, cyclin A, and B-catenin
expression levels were decreased after 24 and 48 h of treatment.
Cyclin D1 expression decreased within 2 h of treatment and
remained diminished at all subsequent time points (up to 48 h).
In previous studies of colon cancer cell lines, resveratrol in-
duced growth inhibition and S-G, transition arrest but did not
induce apoptosis in CaCo-2 cells (6). This may be because
Schneider et al. (6) used alower dose (25 um) of the drug. The
latter authors did not investigate the effects of resveratrol on cell
cycle kinetics or on the expression of cyclins. Resveratrol was
recently shown to induce growth inhibition in CaCo-2 cells in
the 12.5-200 pm range, but 200 pm resveratrol was required to
induce apoptosis (32). These dose effects are similar to those
used in our studies. Wolter et al. (32) also demonstrated that
resveratrol decreased cyclin D1 expression.

The effects of resveratrol on cell cycle control proteins
have been studied previously in other cell types, but the findings
have not been uniform. In a study of HL60 cells, resveratrol
increased the levels of cyclin A and cyclin E but did not affect
the G,-phase proteins, cyclin D1, p21, p27, cdk2, or cdk4/6 (4).
In this report, HL60 leukemia cells accumulated in the S phase.
In A431 epidermoid cancer cells, however, resveratrol de-
creased the levels of cyclin D1, cyclin D2, cyclin E, cdk2, and
cdk4/6, and these cells were arrested in the G, phase (7). In
U937 lymphoma cells, resveratrol increased the levels of cyclin
E, cyclin A, and cyclin D3, decreased the level of cdk2, and did
not affect the levels of cyclin B1, cdk4, or cdc2, although the
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cells were arrested in S phase (36). Therefore, the effects of
resveratrol on the expression of cell cycle control proteins
appear to also vary considerably between cell systems.

As mentioned above, in the present study, resveratrol
caused arapid and sustained decrease in cyclin D1 expression in
SW480 cells. Because this decrease was inhibited by the pro-
teasome inhibitor LLnL (Fig. 8), it appears to be due primarily
to degradation of the cyclin D1 protein. The results we obtained
in cyclin D1 promoter-luciferase reporter assays (Fig. 6) and in
studies of cyclin D1 mRNA (Fig. 7) are consistent with this
conclusion, at least for doses near resveratrol’s 1Cg, value.
However, at higher doses, resveratrol appears to decrease cyclin
D1 protein expression both by inducing its degradation and by
causing a decrease in cyclin D1 mRNA (Figs. 7 and 8). It is of
interest that treatment of bronchial epithelial and embryonal
carcinoma cell lines with all-trans-retinoic acid also led to
degradation of the cyclin D1 protein (27-29). Rapid cyclin D1
proteolysis has also been observed as a cellular response to
generalized DNA damage (39). It is curious, however, that
despite this rapid decrease in cyclin D1 in the present studies,
the resveratrol-treated cells arrested in the S phase rather than in
the G, phase. We found that in SW480 cells, resveratrol had no
effect on cyclin E (data not shown), which aso regulates pro-
gression through the G,-S transition (36). Perhaps, despite the
decrease in cyclin D1, the continued cyclin E expression allows
the cells to enter the S phase. In fact, in previous studies,
whereas decreased cyclin D1 expression correlated with G,-
phase arrest (7, 39), increased cyclin E expression correlated
with S-phase arrest (4, 36). Our finding that after 24 h there was
adecrease in cyclin B1 (Fig. 4B) is consistent with the S-phase
arrest. Some authors have suggested that resveratrol induces
S-phase arrest by decreasing the rate of DNA synthesis (4, 6). In
fact, resveratrol has been shown to inhibit ribonucleotide reduc-
tase activity in murine leukemia L1210 cells (33), to inhibit
DNA synthesis as measured by [*H]thymidine incorporation in
murine mastocytoma P-815 cells and human leukemia K-562
cells (33), and to possibly inhibit DNA polymerase in SV40-
infected cells (40). Therefore, there are several plausible mech-
anisms for the arrest in S phase induced by resveratrol.

It is of interest that the Bic-1 human esophageal adenocar-
cinoma cell line was relatively resistant to resveratrol with
respect to growth inhibition (Fig. 1), cell cycle arrest (Table 2),
apoptosis (Table 1), and altered expression of cyclin B1 (Fig.
4B). This cell line may therefore be useful for additional studies
of the mechanism of action of resveratrol and may thereby be
useful for predicting which human tumors might not respond to
therapy with resveratrol.

Thereis considerable current interest in the use of selective
cox-2 inhibitors as chemoprevention agents (41). Previous stud-
ies with resveratrol have given conflicting results. Although
some cell culture studies have demonstrated inhibition of cox-2
expression and activity (34, 42), other studies with resveratrol
have shown no effect on cox-2 activity or have found stimula-
tion of cox-2 activity in cell-free biochemical assays (1, 43). In
the present studies, the Seg-1 cells expressed abasal level of the
cox-2 protein, and, surprisingly, the level was induced after
treatment with resveratrol (Fig. 5B). The reason for this induc-
tion is not clear but may represent a generalized cellular stress
reaction. On the other hand, we did not detect cox-2 expression

in any of the remaining cell lines, either at baseline or after
treatment with resveratrol (Fig. 5B), yet the mgjority of these
cell lines demonstrated similar sensitivity to the antiproliferative
effects of resveratrol. These findings provide evidence that
cox-2 is not the critical target for the antitumor activity of this
compound.

There is limited information on the toxicity of resvera-
trol in experimental animals, and there are, apparently, no
clinical toxicity data on the use of pure resveratrol in humans.
In the present study, we used fairly high doses of resveratrol,
although resveratrol’s effects on cyclin D1 were also seen
with the IC5, dose (Fig. 8). Previous studies have demon-
strated that resveratrol is minimally toxic to human periph-
eral blood cells (3). The clinical implications of our studies
will depend on whether resveratrol can be given safely to
humans at doses high enough to achieve pharmacologically
active levels. Due to its polyphenolic nature, resveratrol
could conceivably accumulate in tumor tissue at levels that
exceed its concentration in the serum. In vivo tissue levels of
resveratrol have not been reported, but in pharmacokinetic
studies, Soleas et al. (44) demonstrated that 50—75% of the
administered dose of tritiated resveratrol was absorbed by
rats after oral administration, yet the blood and plasma levels
were scarcely above background. Because of resveratrol’s
high lipid solubility, the authors postulated that the com-
pound was deposited in adipose tissue and other tissues with
high lipid content, but they did not actually measure tissue
levels. Using gas chromatography, these authors also dem-
onstrated a 10-15% absorption rate in humans after con-
sumption of a 25 mg/100 ml preparation of resveratrol in
wine (45). Our findings also suggest that assays for cyclin
D1, cyclin B1, B-catenin or apoptosis in tumor biopsy sam-
ples might provide useful surrogate end points in clinical
therapy trials.
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