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ABSTRACT
Resveratrol (trans-3,4ⴕ,5,-trihydroxystilbene), a phytoalexin found in grapes, nuts, fruits, and red wine, is a potent
antioxidant with cancer-preventive properties. The mechanism by which resveratrol imparts cancer chemopreventive
effects is not clearly defined. Here, we demonstrate that
resveratrol, via modulations in cyclin-dependent kinase
(cdk) inhibitor-cyclin-cdk machinery, results in a G1-phase
arrest of the cell cycle followed by apoptosis of human
epidermoid carcinoma (A431) cells. Resveratrol treatment
(1–50 M for 24 h) of A431 cells resulted in a dose-dependent
(a) inhibition of cell growth as shown by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay, (b) G1phase arrest of the cell cycle as shown by DNA cell cycle
analysis, and (c) induction of apoptosis as assessed by
ELISA. The immunoblot analysis revealed that resveratrol
treatment causes a dose- and time-dependent (a) induction
of WAF1/p21; (b) decrease in the protein expressions of
cyclin D1, cyclin D2, and cyclin E; and (c) decrease in the
protein expressions of cdk2, cdk4, and cdk6. Resveratrol
treatment was also found to result in a dose- and timedependent decrease in kinase activities associated with all of
the cdks examined. Taken together, our study suggests that
resveratrol treatment of the cells causes an induction of
WAF1/p21 that inhibits cyclin D1/D2-cdk6, cyclin D1/D2cdk4, and cyclin E-cdk2 complexes, thereby imposing an
artificial checkpoint at the G13 S transition of the cell cycle.
This series of events results in a G1-phase arrest of the cell
cycle, which is an irreversible process that ultimately results
in the apoptotic death of cancer cells. To our knowledge, this
is the first systematic study showing the involvement of each
component of cdk inhibitor-cyclin-cdk machinery during
cell cycle arrest and apoptosis of cancer cells by resveratrol.
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Chemoprevention, which refers to the administration of
synthetic or naturally occurring agents to prevent the initiation
and/or promotional events associated with carcinogenesis, is
being increasingly appreciated as an effective approach for the
management of neoplasia (1–5). In this regard, several naturally
occurring antioxidants are showing promise (1–5). Resveratrol
(trans-3,4⬘,5,-trihydroxystilbene; Fig. 1), a phytoalexin found in
grapes, nuts, fruits, and red wine, is a potent antioxidant (6 –9)
with anti-inflammatory (10) and cancer-preventive (10 –13)
properties. Traditional Japanese and Chinese folk medicines
have used a root extract of the weed Polygonum cuspidatum,
which contains resveratrol, to fight liver, skin, and circulatory
diseases (10). Epidemiological studies have indicated that certain populations, e.g., the French and the Greek populations,
have a lower risk of cardiovascular diseases despite consuming
a diet relatively rich in fat (13). This lower risk of heart diseases
was proposed to be associated with a regular but moderate
consumption of red wine by these populations, and this phenomenon was dubbed the French paradox (13).
The anticancer properties of resveratrol were not appreciated until 1997, when this compound was shown to be a potent
cancer chemopreventive agent in assays representing all of the
three major stages of carcinogenesis (11). In this study, resveratrol was found to inhibit the development of preneoplastic
lesions in carcinogen-treated mouse mammary glands in culture
and tumorigenesis in a two-stage mouse skin tumorigenesis
model (11). Furthermore, it was also demonstrated that topical
application of resveratrol resulted in a significant inhibition of
7,12-dimethylbenz(a)anthracene-initiated and 12-O-tetradecanoylphorbol-13-acetate-promoted formation of skin tumors in
CD-1 mice (11). This led to the initiation of investigations on
the cancer chemopreventive effects of resveratrol. However, the
mechanism(s) by which resveratrol imparts its cancer chemopreventive effects is not clearly defined.
Many studies have shown an association between cell cycle
regulation and cancer, and in recent years, inhibition of the cell
cycle has come to be appreciated as a target for the management
of cancer (14 –19). Anticancer agents may alter regulation of the
cell cycle machinery, resulting in an arrest of cells in different
phases of the cell cycle and thereby reducing the growth and
proliferation of cancerous cells. Furthermore, in recent years,
programmed cell death, i.e., apoptosis, which is a phenomenon
associated with many physiological and pathological processes
including cancer, has come to be appreciated as an ideal way to
eliminate precancerous and/or cancer cells (Refs. 20 –23 and the
references therein). Thus, chemopreventive agents that can
modulate apoptosis may be able to affect the steady-state cell
population, which may be useful in the management and therapy
of cancer. In recent years, many studies have shown an association of cell cycle regulation and apoptosis with cancer, inas-
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Fig. 1 Structure of trans-resveratrol.

MATERIALS AND METHODS
Reagents. Resveratrol (⬎99% pure) was purchased from
Sigma Chemical Co. (St. Louis, MO). All of the antibodies were
purchased from Lab Vision Corp. (Fremont, CA) unless stated
otherwise. The DC Bio-Rad protein assay kit was obtained from
Bio-Rad Laboratories (Hercules, CA). Novex precast Trisglycine gels and [␥-32P]ATP (6000 Ci/mmol) were obtained
from Amersham Life Sciences, Inc. (Arlington Heights, IL).
Cell Culture. Human epidermoid carcinoma A431 cells
were obtained from the American Type Culture Collection
(Manassas, VA) and cultured in DMEM (Life Technologies,
Inc., Grand Island, NY) supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin. The cells were maintained under standard cell culture conditions at 37°C and 5%
CO2 in a humid environment.
Treatment of Cells. Resveratrol (dissolved in DMSO)
was used for the treatment of cells. For dose-dependent studies,
the cells (at 70 – 80% confluence) were treated with resveratrol

3
The abbreviations used are: cdk, cyclin-dependent kinase; cki, cyclindependent kinase inhibitor; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide; PARP, poly(ADP-ribose) polymerase.
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much as the cell cycle inhibitors and apoptosis-inducing agents
are being appreciated as weapons for the management of cancer
(14 –24).
In eukaryotes, regulation of the cell cycle is controlled in
part by a family of protein kinase complexes, and each complex
is composed minimally of a catalytic subunit, the cdk,3 and its
essential activating partner, the cyclin (15, 19, 25–28). These
complexes are activated at specific intervals during the cell
cycle but can also be induced and regulated by exogenous
factors (15, 19, 25–28). The cyclin-cdk complexes are subjected
to inhibition via binding with a class of proteins known as ckis
(15, 18, 19, 25–28). Recent studies have suggested that cell
cycle arrest in malignant cells is often associated with apoptotic
cell death (20, 21, 29 –32).
In the present study, we demonstrate that resveratrol, via
modulations in the cki-cyclin-cdk machinery, results in a G1phase arrest of the cell cycle followed by apoptosis of human
epidermoid carcinoma A431 (a keratinocytic carcinoma cell
line) cells. To our knowledge, this is the first systematic study
showing the involvement of each component of the cki-cyclincdk machinery during cell cycle arrest and apoptosis of cancer
cells by resveratrol.

at 1, 5, 10, 25, and 50 M (unless stated otherwise) for 24 h in
complete cell medium, whereas for time-dependent studies, the
cells (at 60 –70% confluence) were treated with a 10 M dose of
resveratrol for 1, 3, 6, 12, 24, and 48 h. The control cells were
incubated with the highest amount of DMSO used for 24 h for
the dose-dependent study. For time-dependent study, in addition
to the 0 h control, we also included a control treated with DMSO
for 48 h because it was the longest time point postresveratrol
administration in our experimental protocol.
Cell Growth/Cell Viability and DNA Cell Cycle Analysis. The effect of resveratrol on the viability of cells was
determined by the MTT assay. The cells were plated at 2 ⫻ 105
cells/well in 200 l of DMEM complete medium containing 1,
5, 10, 25, and 50 M concentrations of resveratrol in 96-well
microtiter plates. Each concentration of resveratrol was repeated
in 10 wells. After incubation for 24 h at 37°C in a humidified
incubator, cell viability was determined using the MTT assay.
Briefly, 4 l of MTT (5 mg/ml in PBS) was added to each well
and incubated for 2 h, and then the plate was centrifuged at 1800
rpm for 5 min at 4°C. The MTT solution was removed from the
wells by aspiration. Formazan crystals were dissolved in 150 l
of DMSO. The absorbance was recorded on a microplate reader
at a wavelength of 540 nm. The effect of resveratrol on growth
inhibition was assessed as the percentage of cell viability (vehicle-treated cells were taken as 100% viable).
For DNA cell cycle analysis, the cells were treated with
vehicle alone (similar volumes of DMSO) or resveratrol (1, 5,
10, 25, and 50 M) for 24 h. Untreated cells were also included
in this experiment for comparison. After treatments, the cells
were collected by trypsinization, washed with cold PBS [10 mM
(pH 7.4)], and resuspended in 50 l of cold PBS. The cells were
fixed in 450 l of ice-cold methanol by incubating them for 1 h
at 4°C. The cells were then centrifuged at 1100 rpm for 5 min,
and the pellet was washed twice with cold PBS, suspended in
500 l of PBS, and incubated with RNase (20 g/ml, final
concentration) for 30 min at 37°C. The cells were then chilled
over ice for 10 min, stained with propidium iodide (50 g/ml,
final concentration) for 1 h, and analyzed by flow cytometry.
Measurement of Apoptosis by ELISA. The induction
of apoptosis by resveratrol was assessed using the Cell Death
Detection ELISAPLUS kit obtained from Roche Molecular Biochemicals USA (Indianapolis, IN). This kit uses a photometric
enzyme immunoassay that quantitatively determines the formation of cytoplasmic histone-associated DNA fragments (monoand oligonucleosomes) after apoptotic cell death. For determination of apoptosis by ELISA, the A431 cells (1 ⫻ 104 cells/
well) were treated with resveratrol at 1, 5, 10, 25, and 50 M
concentrations for 24 h in a 96-well plate. Each concentration of
resveratrol was repeated in 10 wells. The induction of apoptosis
was evaluated by assessing the enrichment of nucleosomes in
the cytoplasm and determined exactly as described in the manufacturer’s protocol.
Preparation of Cell Lysates and Immunoblot Analysis.
For the immunoblot analysis in our dose-dependent study, we
used 1, 5, 10, and 25 M concentrations of resveratrol because
we found that the highest concentration of resveratrol (50 M)
used in our study was associated with very low cell viability and
massive apoptosis. However, for the time-dependent study, the
similar protocol described earlier was followed. After the treat-

1468 Cell Cycle Dysregulation and Apoptosis by Resveratrol

followed by detection by autoradiography with XAR-5 film
(Eastman Kodak Co.).

RESULTS
Resveratrol Causes Cell Growth Inhibition, G1-phase
Arrest, and Apoptosis in A431 Cells. Our aim was to investigate whether resveratrol treatment imparts antiproliferative
effects against skin cancer cells. Therefore, using human epidermoid carcinoma A431 cells, we first evaluated the effect of
resveratrol on the growth of these cells by MTT assay. As
shown in Fig. 2A, resveratrol treatment (1–50 M for 24 h) of
A431 cells resulted in a dose-dependent inhibition of cell
growth.
To assess whether resveratrol-induced growth inhibition of
the cells is mediated via alterations in cell cycle regulation and
apoptosis, we evaluated the effect of resveratrol on cell cycle
distribution and fragmentation of DNA. First, we performed
DNA cell cycle analysis using growing A431 cells, and resveratrol treatment was found to result in a significant dose-dependent increase of cell population in the G1 phase of the cell cycle
in A431 cells (49%, 55%, 63%, 75%, and 78% cells at 1, 5, 10,
25, and 50 M concentrations of resveratrol, respectively; Fig.
2B). In this experiment, the population of vehicle (similar volumes of DMSO)-treated cells was not found to be affected as
compared with the untreated cells. The G1-phase population of
vehicle-treated cells was found to range between 41% and 47%
(data not shown), probably because we used growing (unsynchronized) cells in these experiments. The increase in cell population in the G1 phase was found to be associated with a
concomitant decrease in cell population in the G2 phase,
whereas the population of cells in M phase did not change
significantly as compared with the corresponding controls.
Next, using ELISA, we characterized the enrichment of
nucleosomes in the cytoplasm of the cells, which is indicative of
induction of apoptosis. As shown by the data in Fig. 2C,
compared with vehicle-treated control, resveratrol treatment of
A431 cells resulted in significant dose-dependent apoptosis,
reaching a maximum at a 25 M concentration of resveratrol.
However, at the higher concentration of 50 M, a slight decrease
in apoptosis was observed as compared with the 25 M dose of
resveratrol. This decrease is probably a result of massive loss of
the cells, which could not be evaluated for nucleosome enrichment. For this reason, in our additional experiments, we did not
use this concentration of resveratrol. Furthermore, induction of
apoptosis was also evident from the immunoblot analysis of
PARP. As shown in Fig. 2D, resveratrol treatment of A431 cells
resulted in a dose-dependent cleavage of PARP, which is indicative of induction of apoptosis.
Resveratrol-induced Cell Cycle Arrest and Apoptosis Is
Mediated via an Induction in WAF1/p21 and Consequent
Inhibition in Cyclins D1, D2, and E and cdk2, cdk4, and
cdk6. Because our studies demonstrated that resveratrol treatment of A431 cells results in a G1-phase cell cycle arrest and
apoptosis of A431 cells, we examined the effect of resveratrol
on cell cycle-regulatory molecules operative in the G1 phase of
the cell cycle. We assessed the effect of resveratrol on the
induction of WAF1/p21, which is known to regulate the entry of
cells at the G1-S-phase transition checkpoint and induce apo-
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ments, the medium was aspirated, and the cells were washed
twice with cold PBS [10 mM (pH 7.4)]. The cells were incubated
with ice-cold lysis buffer [50 mM Tris-HCl, 150 nm NaCl, 1 mM
EGTA, 1 mM EDTA, 20 mM NaF, 100 mM Na3VO4, 0.5%
NP40, 1% Triton X-100, and 1 mM phenylmethylsulfonyl fluoride (pH 7.4)] with freshly added protease inhibitor mixture
(Protease Inhibitor Cocktail Set III; Sigma Chemical Co.) for 30
min over ice. Then, the cells were scraped, and the lysate was
collected in a microfuge tube and passed through a 21-gauge
needle to break up the cell aggregates. The lysate was cleared by
centrifugation at 14,000 ⫻ g for 15 min at 4°C, and the supernatant (total cell lysate) was either used immediately or stored at
⫺70°C. The protein concentration was determined by using the
DC Bio-Rad assay (Bio-Rad Laboratories) as per the manufacturer’s protocol.
For immunoblot analysis, 25–50 g of protein were resolved over 12% polyacrylamide-SDS gels and transferred to a
nitrocellulose membrane. The blot containing the transferred
protein was blocked with blocking buffer [5% nonfat dry milk in
1% Tween 20 in 20 mM Tris-buffered saline (pH 7.5)] by
incubating it for 1 h at room temperature followed by incubation
with the appropriate primary antibody (at the dilutions recommended by the manufacturer) in blocking buffer overnight at
4°C. This was followed by incubation with the appropriate
secondary antibody horseradish peroxidase conjugate (Amersham Life Sciences, Inc.), and the protein expression was detected by chemiluminescence using an enhanced chemiluminescence kit (Amersham Life Sciences, Inc.) and autoradiography
with XAR-5 film (Eastman Kodak Co., Rochester, NY). For
every immunoblot, equal loading of protein was confirmed by
stripping the blot and reprobing with ␤-actin antibody.
Kinase Activity Assay. The cells were treated and lysed
as described previously, except that lysis buffer was replaced
with kinase lysis buffer containing 50 mM Tris-HCl (pH 7.4),
150 mM NaCl, 20 mM NaF, 1.0 mM EDTA, 1.0 mM EGTA, 1%
Triton X-100, 0.5% NP40, and freshly added phenylmethylsulfonyl fluoride (0.01%) and protease inhibitor mixture. The cyclin-cdk complexes were immunoprecipitated as described
above using the appropriate primary antibody raised to the
COOH terminus of the protein. For immunoprecipitation, cell
lysates containing 200 g of protein were placed in 1.0 ml of
kinase lysis buffer and precleared by incubation with normal
IgG (1 g) and protein A-Sepharose 4B fast flow (20 l; Sigma
Chemical Co.) for 1 h at 4°C. The supernatant was collected and
incubated with 1.0 g of the appropriate primary antibody and
20 l of protein A-Sepharose overnight at 4°C. The immunocomplexes were washed three times with the kinase lysis buffer
and once with kinase buffer containing 50 mM Tris (pH 7.4),
MgCl2 (10 mM), and DTT (1 mM). The beads were then incubated with 40 l of “hot” kinase solution containing 5.0 g of
histone H1 (for cdk2-associated kinase activity) or pRb-GST
(for cdk4- and cdk6-associated kinase activities), 80 M ATP,
and 5 Ci of [␥-32P]ATP (6000 Ci/mmol; Amersham Life
Sciences, Inc.) in kinase buffer for 30 min at 37°C. The sample
buffer (5⫻, 8 l) was added to the tubes, which were then
heated at 100°C for 5 min over boiling water. The samples were
resolved over a 12% polyacrylamide gel. The gels were dried
using a Bio-Rad gel drier (Model 583; Bio-Rad Laboratories)
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Fig. 3 Effect of resveratrol on protein expression of WAF1/p21. A,
dose-dependent effect; B, time-dependent effect. As detailed in “Materials and Methods,” the cells were treated with vehicle only or specified
concentrations of resveratrol and then harvested. Total cell lysates were
prepared, and 25 g of protein were subjected to SDS-PAGE followed
by Western blot analysis and chemiluminescence detection. The data
shown here are from a representative experiment repeated three times
with similar results.

ptosis. Immunoblot analysis revealed that resveratrol treatment
of the cells resulted in a significant dose- and time- dependent
induction of WAF1/p21 compared with the basal levels (Fig. 3).
Using immunoblot analysis, we also assessed the effect of
resveratrol treatment on the protein expressions of the cyclins
and cdks, which are known to be regulated by WAF1/p21.
Resveratrol treatment of the cells resulted in a dose- and timedependent decrease in protein expressions of cyclin D1, cyclin

D2, and cyclin E (Fig. 4) as well as cdk2, cdk4, and cdk6 (Fig.
5). In the dose-dependent study, the decrease in cyclin D1 and
cyclin D2 proteins was more pronounced than that of cyclin E.
Similarly, in a dose-dependent study, the decrease in the protein
expression of cdk4 and cdk6 was found to be more pronounced
than that of cdk2 (Fig. 5). In the time-dependent study, however,
the levels of cyclin D1 were found to be inhibited by resveratrol
(10 M) treatment as early as 6 h after treatment, but the
inhibitory effect of the same treatment on cyclin D2 and cyclin
E was evident only at 24 h after treatment (Fig. 4).
Resveratrol Treatment of A431 Cells Results in a
Decrease in the Kinase Activities Associated with cdks. Kinase activities associated with the cdks are the driving force for
progression of the cell cycle through the transition checkpoints
because they activate the cyclins, the essential component of
cyclin-cdk complexes; therefore, we assessed the effect of resveratrol treatment on the kinase activities associated with cdk2,
cdk4, and cdk6. The radioactive kinase activity assay (Fig. 6)
demonstrated that resveratrol treatment resulted in a dose- and
time-dependent decrease in kinase activities associated with all
of the cdks examined, although the extent of the effect differed.
In the dose-dependent study, resveratrol treatment appears to
affect the kinase activities of cdk2 and cdk4 in a much more
pronounced fashion as compared with that of cdk6. Furthermore, the low dose of resveratrol (10 M) also resulted in a
significant inhibition of the kinase activities associated with

Downloaded from http://aacrjournals.org/clincancerres/article-pdf/7/5/1466/2079247/df050101466.pdf by guest on 05 December 2022

Fig. 2 A, effect of resveratrol on cell growth. As detailed in “Materials and Methods,” the cells were treated with resveratrol, and the viability of
cells was determined by MTT assay. The data are expressed as the percentage of cell viability and represent the means ⫾ SE of three experiments
in which each treatment was performed in multiple wells. B, effect of resveratrol on cell cycle distribution. The cells were treated with vehicle or
resveratrol as detailed in “Materials and Methods” and analyzed by flow cytometry. The percentage of cells in G0-G1, S, and G2-M phase were
calculated using Cellfit computer software and are represented within the histograms. The data shown here are from a representative experiment
repeated three times with similar results. C, effect of resveratrol on the enrichment of nucleosomes in the cytoplasm. As detailed in “Materials and
Methods,” the A431 cells (1 ⫻ 104 cells/well) were treated with specified concentrations of resveratrol in a 96-well plate, and the enrichment of
nucleosomes in the cytoplasm was determined using the Cell Death Detection ELISAPLUS kit exactly as described in the manufacturer’s protocol. The
data presented are the means ⫾ SE of three experiments in which each treatment was performed in multiple wells. D, effect of resveratrol on cleavage
of PARP. The cells were treated with vehicle only or specified concentrations of resveratrol for 24 h and then harvested. Total cell lysates were
prepared, and 25 g of protein were subjected to SDS-PAGE followed by Western blot analysis using anti-PARP antibody obtained from Upstate
Biotechnology, Inc. (Waltham, MA) and chemiluminescence detection. The details are described in “Materials and Methods.” The data shown here
are from a representative experiment repeated three times with similar results.
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Fig. 5 Effect of resveratrol on protein expression of cdk2, cdk4, and cdk6. A, dose-dependent effect; B, time-dependent effect. As detailed in
“Materials and Methods,” the cells were treated with vehicle only or specified concentrations of resveratrol and then harvested. Total cell lysates were
prepared, and 25 g of protein were subjected to SDS-PAGE followed by Western blot analysis and chemiluminescence detection. The data shown
here are from a representative experiment repeated three times with similar results.

cdk2, cdk4, and cdk6 as early as 12, 24, and 6 h after treatment,
respectively.

DISCUSSION
In recent years, naturally occurring antioxidant compounds
present in the diet and beverages consumed by humans have
gained considerable attention as cancer chemopreventive agents
(1–5). Resveratrol, a polyphenolic compound present in grapes,
nuts, fruits, and red wine, is a potent antioxidant with antiinflammatory and cancer-preventive properties (7, 8, 10 –13,
33– 42). In vitro as well as in vivo studies have suggested that
resveratrol may impart chemopreventive effects against certain
cancers including skin cancer (10 –13, 33– 42). The molecular
mechanism(s) by which resveratrol imparts cancer chemopreventive properties is not well defined. The present study was
designed to define the mechanism(s) of the antiproliferative
effects of resveratrol because it may result in the design of novel
approaches for the management of cancer. In this study, we
investigated the involvement and mechanism of cell cycle dysregulation and apoptosis during cell growth inhibition by resveratrol in skin cancer-derived cells, i.e., human epidermoid
carcinoma (A431) cells. The hypothesis that was tested in this
study was whether resveratrol will impart an antiproliferative
effect via a modulation of cki-cyclin-cdk machinery-mediated
cell cycle dysregulation and apoptosis.
In our experiments, we used A431 cells, which are known
to have nonfunctional (mutated) p53 carrying a G3 A mutation
at codon 273, resulting in an arginine to histidine substitution
(43). We chose these cells because of the following facts. First,
A431 cells are keratinocytic carcinoma cells, and our aim was to

investigate the mechanism of antiproliferative response of resveratrol against skin cancer because studies have shown that
resveratrol is effective against skin carcinogenesis (11). Second,
the tumor suppressor gene p53 is regarded as a key element in
maintaining a balance between cell growth and cell death in the
living system (29, 44, 45). p53, in response to DNA damage,
triggers a variety of cell cycle-regulatory events to limit the
proliferation of damaged cells (29, 44, 45). In a number of
human tumors, including skin cancer, this “gatekeeper gene” is
inactivated by mutation that results in unlimited cellular proliferation (29, 44, 45). Therefore, it is important to study the
mechanism(s) by which resveratrol imparts antiproliferative effects in the absence of active (wild-type) p53.
Our data demonstrated that resveratrol treatment of the
A431 cells resulted in significant (a) cell growth inhibition, (b)
G1-phase cell cycle arrest, and (c) apoptosis in a dose-dependent
fashion. This is an important observation because the regulation
of cell cycle and apoptotic machinery is important in the growth
and development of neoplasms, and in recent years, cell cycle
and apoptosis have become being increasingly appreciated as
targets for intervention against cancer (4, 14 –24). The observed
induction of apoptosis by resveratrol is important because apoptosis is a physiological process that functions as an essential
mechanism of tissue homeostasis and is regarded as the preferred way to eliminate unwanted cells (4). A wide variety of
chemotherapeutic agents currently being considered for the
management of cancer are known to kill the cells by mechanisms other than apoptosis, which is probably not a preferable
way to manage cancer cell growth (4, 20 –22).
Because many studies from this and other laboratories have
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Fig. 4 Effect of resveratrol on protein expression of cyclin D1, cyclin D2, and cyclin E. A, dose-dependent effect; B, time-dependent effect. As
detailed in “Materials and Methods,” the cells were treated with vehicle only or specified concentrations of resveratrol and then harvested. Total cell
lysates were prepared, and 25 g of protein were subjected to SDS-PAGE followed by Western blot analysis and chemiluminescence detection. The
data shown here are from a representative experiment repeated three times with similar results.
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Fig. 7 Proposed model for resveratrol-mediated cell cycle dysregulation and apoptosis.

shown the involvement of cell cycle regulation-mediated apoptosis as a mechanism of cell growth inhibition (20, 21, 46 –50),
we investigated the involvement of the cki-cyclin-cdk machinery during the induction of cell cycle arrest and apoptosis by
resveratrol in A431 cells. It is now well established that in
eukaryotes, passage through the cell cycle is governed by the
function of a family of protein kinase complexes (25–28). Each
complex is composed minimally of a catalytic subunit, the cdk,
and its essential activating partner, the cyclin (25–28). Under
normal conditions, these complexes are activated at specific
intervals and through a series of events and result in the progression of cells through different phases of cell cycle, thereby
ensuring normal cell growth (25–28). Any defect in this machinery causes an altered cell cycle regulation that may result in
unwanted cellular proliferation ultimately culminating in the
development of cancer (25–28). During the progression of the
cell cycle, the cdk-cyclin complexes are inhibited via binding to
ckis such as the CIP/KIP and INK4 families of proteins (25–28).
Because our studies have demonstrated that resveratrol treatment of A431 cells resulted in a G1-phase arrest of the cell
cycle, we examined the effect of resveratrol on cell cycleregulatory molecules operative in the G1 phase of the cell cycle.

Our data demonstrated a significant up-regulation of the
cki WAF1/p21 during G1-phase arrest and apoptosis of these
cells by resveratrol. Many studies have shown that exogenous
stimuli may result in a p53-dependent as well as a p53-independent induction of WAF1/p21, which may cause a blockade
of G1-S-phase transition resulting in a G1-phase cell cycle arrest
and apoptosis (19, 25–28, 45, 46). In the absence of active p53
in A431 cells, the observed induction of WAF1/p21 by resveratrol appears to be independent of wild-type p53. However, the
role of mutant p53 during this process remains to be examined.
Because WAF1/p21 is regarded as a universal inhibitor of
cyclin-cdk complexes (18, 19, 25–28, 45), we assessed the
effect of resveratrol treatment on the cyclins and cdks operative
in the G1 phase of the cell cycle, specifically, cyclins D1, D2,
and E and cdk2, cdk4, and cdk6. Resveratrol treatment of the
cells was found to result in significant down-modulation of all
of these regulatory molecules, although to a different extent.
Studies have shown that the ckis inhibit the kinase activities
associated with cdk-cyclin complexes, thereby modulating the
phosphorylation events, which are believed to play the key role
in progression of the cell cycle at many checkpoints (18, 19,
25–28, 45). Therefore, we examined the effect of resveratrol on
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Fig. 6 Effect of resveratrol on kinase activities associated with cdk2, cdk4, and cdk6. A, dose-dependent effect; B, time-dependent effect. The cells
were treated with vehicle only or resveratrol and harvested, and lysates were prepared using kinase lysis buffer. Protein (200 g) was immunoprecipitated in each case, and kinase activities were measured using the appropriate substrates and [␥-32P]ATP using gel electrophoresis as detailed in
“Materials and Methods.” The data shown here are from a representative experiment repeated twice with similar results.
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