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Background and purpose: Resveratrol (RES) has been shown to prolong lifespan and prevent cancer formation. At present,
the precise cellular mechanisms of RES actions are still not clearly understood, and this is the focus of this study.
Experimental approach: Using human hepatocellular carcinoma-derived HepG2 cells as a model, we studied RES-induced
changes in cell growth, cell cycle progression and apoptosis.

Key results: RES at lower concentrations induced a strong but reversible S-phase delay and mild DNA synthesis inhibition, yet
without causing apoptotic or necrotic cell death. At high concentrations, RES induced apoptosis, which is mainly mediated by
the mitochondrial pathway. Overall, RES was a relatively weak apoptotic agent. Mechanistically, MEK inhibition was identified
as an important early signalling event for RES-induced apoptosis. In comparison, activation of CDK2 and checkpoint kinase 2,
and inhibition of phosphatidylinositol 3’-kinase/Akt signalling pathway contributed to the induction by RES of a reversible,
non-cytotoxic S-phase delay.

Conclusion and implications: It is hypothesized that the induction of a non-cytotoxic S-phase delay may represent a useful
mechanistic strategy for lifespan prolongation and cancer prevention. When cell cycles are selectively slowed down in the S
phase, it would cumulatively increase the total lifespan of an organism if the total numbers of cell divisions of a given organism
are assumed to remain basically constant. Likewise, when cells proceed through the cell cycles at a reduced pace during DNA
replication, it may allow cells more time to repair the damaged DNA, and thereby reduce the chances for mutagenesis and
tumour initiation.
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Resveratrol (trans-3,4’,5-trihydroxystilbene; RES), a well-
known polyphenolic compound, is highly enriched in our
daily food components, such as grapes, peanuts and red wine
(Kopp, 1998; Sobolev and Cole, 1999; Roldan et al., 2003).
This chemical has attracted enormous research interest in



recent years partly because of the intriguing earlier suggestion
that its diverse beneficial biological effects may explain the
so-called French paradox, which refers to observations that
less French people die of heart attack compared to Americans
despite high intake of dietary cholesterol and saturated fat of
the former (Constant, 1997; Ferrieres, 2004). In addition to its
protective effect on the cardiovascular system, studies have
also shown that RES has antiproliferative and chemopreven-
tive properties in cultured cancer cells (Jang efal., 1997;
Aggarwal et al., 2004) and laboratory animals (Carb¢ et al.,
1999; Zhou et al., 2005; Garvin et al., 2006). Furthermore, RES
was recently found to increase lifespan in yeast, metazoans
and laboratory animals (Baur et al., 2006; Valenzano et al.,
2006). These studies have created considerable excitement
about the possibility of developing RES and/or its structural
analogs as concept compounds that may prevent cancer while
improving longevity. At present, the precise cellular mecha-
nisms by which RES acts to exert some of its unique beneficial
effects are still not clearly understood, although a few earlier
studies have suggested that the activation of protein deacety-
lase SIRT1 may be, in part, responsible for some of these
effects (Howitz et al., 2003; Borra et al., 2005; Kaeberlein et al.,
2005; Yang et al., 2007; Mayers et al., 2008; Oberdoerffer et al.,
2008; Pearson et al., 2008). A better understanding of the
underlying mechanism(s) of its actions will undoubtedly be
helpful to the ongoing effort to develop RES or other similar
compounds for human use. This was precisely the purpose of
this study as well as some of the earlier studies by others
(Ahmad et al., 2001; She et al., 2001; Joe et al., 2002; Kuo et al.,
2002; Aquilano et al., 2009).

A number of recent studies have begun to reveal that the
development of cancer is a long-term process that is associ-
ated with alterations in various cell cycle events and/or apo-
ptosis. It has become an attractive hypothesis in cancer
therapy and prevention by designing and developing agents
that can alter cell cycle events and/or induce apoptosis (Jacks
and Weinberg, 1996; Kastan and Bartek, 2004; Sebolt-Leopold
and Herrera, 2004; Schwartz and Shah, 2005; Malumbres and
Barbacid, 2007; Roberts and Der, 2007). In eukaryotes, cell
cycle progression is controlled, in part, by a family of protein
kinase complexes, which include cyclin-dependent kinases
and their activating partners, cyclins. They are regulated by
cell cycle-inhibiting proteins (e.g. p21W*/CPl p27%Pl and
members of INK family proteins) (Jacks and Weinberg, 1996).
In addition, the mitogen-activated protein kinases (MAPKs)
are a family of protein serine/threonine kinases, including
ERK1/2, the c-Jun NH,-terminal kinase (JNK) and p38 MAPKs
(Widmann et al., 1999). These kinases play a crucial role in
regulation of cell growth and apoptosis. In addition, the phos-
phatidylinositol 3’-kinase (PI3K)/Akt is another important
regulatory pathway that also regulates cell cycle and survival
(Chang etal., 2003; Franke etal., 2003; Ahn etal., 2004;
Fresno Vara et al., 2004; Horvath et al., 2007).

In the present study, we have sought to evaluate further the
effect of RES on cell growth and apoptosis in HepG2 cells,
with an emphasis on its regulation of cell cycle progression.
The selection of the HepG2 human hepatocellular carcinoma-
derived cell line for our study was partly based on an earlier
study suggesting that liver and kidney are two main target
organs for RES actions in vivo (Aggarwal et al., 2004). Our data
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show that at very high concentrations (50 uM), RES can
induce detectable apoptosis in HepG2 cells through
up-regulation of the pro-apoptotic Bcl-2 family proteins; but
at pharmacologically relevant lower concentrations, RES
induces modest growth inhibition by selectively inducing a
strong but reversible S-phase delay, yet without causing apo-
ptosis and necrosis. We believe this unique effect of RES may
partially contribute to its well-known effect of lifespan pro-
longation and cancer protection (discussed later). To better
understand the mechanisms of RES concentration-dependent
effects on S-phase delay and apoptosis, we also analysed the
regulation by RES of a number of intracellular signalling mol-
ecules that regulate cell cycle progression and/or apoptosis.

Methods

Chemicals and reagents

RES (>99% purity), 3-(4,5-dimethylthiazol-2-yl)-2,5-
dimethyltetrazolium bromide (MTT), paraformaldehyde, N,N-
dimethyl formamide, sodium dodecyl sulphate (SDS),
propidium iodide (PI), RNase A and 3,3’-dihexyloxa-
carbocyanine iodide (DiOCs) were obtained from Sigma-
Aldrich (St Louis, MO). The antibodies against phospho-ERK,
phospho-Raf, phospho-PDK-1, Akt, CDK4/6, cyclin DI,
cyclin D3, pl5 INK4B, phospho-CDK2, CDK2, cyclin E,
cyclin A, p21"/@r! - phospho-checkpoint kinase 2 (Chk2),
caspase-3, caspase-7, PARP, Bax, Bim, Puma and B-actin; the
peroxidase-conjugated anti-rabbit or anti-mouse IgGs; and
the inhibitors (U0126 and LY294002) were purchased from
Cell Signaling Technology (Beverly, MA). The p21-siRNA
(catalog no. sc-29427), Chk2-siRNA (catalog no. sc-29271)
and siRNA negative control (catalog no. sc-37007) were
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). Lipofectamine 2000 was obtained from Invitrogen (San
Diego, CA).

Cell culture

Human HepG2 cells and immortalized non-cancerous murine
cell lines (C3H/10T1/2 fibroblasts and 3T3-L1 preadipocytes)
were obtained from American Type Culture Collection
(Manassas, VA). HepG2 cells and C3H/10T1/2 cells were cul-
tured in the Eagle’s minimum essential medium (Sigma)
supplemented with 2.2 g-L™! sodium bicarbonate, 100 mg-L™
pyruvic acid, 292.2 mg-L™ L-glutamine, 100 U-mL"" penicillin,
100 ug-mL™" streptomycin and 10% fetal bovine serum (FBS).
HT22 murine immortalized hippocampal neuronal cells (a
gift from Dr David Schubert, Salk Institute, La Jolla, CA) and
3T3-L1 cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 0.11 g-L' sodium pyruvate,
1.083 g-L'! L-glutamine, 3.7 gL' sodium bicarbonate,
4.5 g-L'! p-glucose, 100 U-mL™ penicillin, 100 pg-mL™ strep-
tomycin and 10% FBS. All cells were cultured at 37°C under
5% CO, in a humidified incubator. During the experiments,
all cells were incubated with RES in the complete medium
supplemented with 10% FBS.

Assay of cell viability and growth
The effect of RES on HepG2 cell viability was determined by
MTT assay. Briefly, the cells were seeded at 1 x 10* cells per
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well and first cultured in triplicate for 24 h in the presence of
different concentrations of RES (12.5-100 uM) in 96-well
plates at 37°C. The cells in the control group were treated with
vehicle only. MTT (at 5 mg-mL™") was added 1 h before the
termination of the cell culture, and then the cells were lysed
with buffer containing 10% SDS and 50% N,N-dimethyl for-
mamide (pH 7.2). The O.D. values were read at a wavelength
of 560 nm. When the inhibitors, U0126 (at 2.5 uM) and
LY294002 (at S uM), were included in the cell cultures, the
cells were pretreated with an inhibitor first for 3 h, and then
followed by addition of RES.

Small interfering RNA (siRNA) treatment

To study the role of p21 and Chk2 in mediating the effect of
RES on cell cycle regulation, p21-siRNA or Chk2-siRNA was
used to selectively knock down the expression of p21 or Chk2
in HepG2 cells. The cells were seeded 12 h before transfection
and reached a density of 30-50% confluence at the time of
transfection. Then, 40 nmol of p21-siRNA, Chk2-siRNA or
negative control-siRNA was used for transfection using Lipo-
fectamine 2000 according to the manufacturer’s instructions.
The transfected cells were maintained in culture for 24 h
before harvesting and further analyses. The efficiency of the
siRNA knockdown of target protein expression was deter-
mined by Western blot analysis with specific antibodies.

Assay of DNA synthesis

HepG2 cells (seeded at 1 x 10* cells per well) were cultured in
triplicate for 24 h with different concentrations of RES (12.5-
100 uM) in 96-well plates. The cells were pulsed with [methyl-
*H]thymidine (2-5nM, 0.1-1 uCi-per well, PerkinElmer,
Boston, MA) for 6 h (or as indicated). The radiolabelled thy-
midine was added along with fresh replenishing medium
(100 pL). The cells were then harvested onto glass fibre filters,
and the incorporated radioactivity was counted using a
B-scintillation counter (MicroBeta Trilux, PerkinElmer Life
Sciences).

Western immunoblotting

HepG2 cells were treated with RES for the indicated length of
time. The cells were harvested and suspended in the lysis
buffer (20 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, supplemented with a protease inhibitor mix).
The lysates were centrifuged at 14 000 rpm for 5 min at 4°C,
and the supernatants were boiled in the SDS sample buffer
[SOmM Tris-HCI (pH 6.8), 2% SDS, 10% glycerol, 1.2%
2-mercaptoethanol and 0.02% bromphenol blue] for 5 min at
100°C. Equal amounts of proteins (approximately 20-30 ug
per lane) were electrophoresed in 10% polyacrylamide gel and
then transferred to PVDF membranes (Bio-Rad, Hercules, CA,
USA). The membranes were treated with 10% non-fat milk for
1 h to block non-specific binding, then rinsed and incubated
with various antibodies. The membranes were then treated
with 1:2000 dilution of horseradish peroxidase-conjugated
anti-rabbit or anti-mouse IgG for 1 h. Immune complexes
were detected with a chemiluminescence substrate and
exposed to an X-ray film (MIDSCI, St Louis, MO).
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Flow cytometry analysis of cell cycle

The HepG2 cells were cultured with or without RES for the
indicated length of time in six-well plates. The cells were then
harvested and washed with phosphate-buffered saline (PBS),
fixed in cool 70% ethanol at 4°C overnight. For PI staining,
the cells were washed with cold PBS, and incubated with the
PI/RNase A solution for 20 min at 37°C. The cells were then
analysed on a BD FACS (BD LSR II, BD Biosciences, San
Jose, CA).

Detection of the mitochondrial membrane potential
3,3’-Dihexyloxacarbocyanine iodide (DiOCg) is a dye com-
monly used to measure mitochondrial membrane potential.
In brief, cells were treated with RES for the indicated length of
time in six-well plates. The cells were then harvested and
resuspended in culture medium. DiOCq (50 nM) was added
and incubated with cells for 15 min at 37°C in a humidified
incubator. After centrifugation, the cells were suspended in
PBS, and fluorescence intensity of DiOCs was analysed using a
flow cytometer.

Assay of DNA fragmentation

HepG2 cells were first cultured with or without RES for the
indicated length of time in six-well plates, and were then
harvested and washed with PBS. Total DNA was extracted
using the DNeasy Mini kit (Qiagen, Valencia, CA). DNA was
eluted with TE buffer and visualized by electrophoresis in 1%
agarose gel containing ethidium bromide.

Terminal deoxynucleotidyl transferase-mediated dUTP nick end
labelling (TUNEL) assay

For TUNEL assays, HepG2 cells were first cultured with or
without RES for the indicated length of time in six-well plates,
and were then harvested, washed with PBS and fixed in 1%
paraformaldehyde. TUNEL staining was performed according
to the manufacturer’s instructions (Chemicon International,
Temecula, CA).

Reproducibility of experiments and statistical analysis

All the data and experiments described in this study were
repeated multiple times (over three times for most experi-
ments), and one set of representative data is presented. Some
of the quantitative data were presented as mean * SD as
indicated. One-way analysis of variance followed by Student’s
t-test was used to determine the difference between two
groups wherever appropriate. A P value of less than 0.05 was
considered statistically significant.

Results

Effect of RES on cell growth, cell cycle progression and apoptosis

Inhibition of cell growth and DNA synthesis. Treatment of cells
with 12.5-100 uM of RES for 24 h decreased cell viability
(MTT assay) in a concentration-dependent manner
(Figure 1A). RES also strongly suppressed DNA synthesis in
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Effect of resveratrol (RES) on cell viability (A), *H-thymidine incorporation (B, C) and cell cycle distribution in HepG2 cells (D) and

in representative non-cancerous immortalized cell lines (E). For determining cell growth and DNA synthesis (A-C), HepG2 cells were treated
with RES for 24 h in 96-well plates. Cell viability was determined by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-dimethyltetrazolium bromide
(MTT) assay, and the DNA synthesis was determined by using *H-thymidine incorporation assay (described in the Methods section). Each value
is mean = SD of triplicate measurements. *P < 0.05; **P < 0.01; ***P < 0.001 versus respective controls. For determining cell cycle distribution
(D, E), HepG2, C3H/10T1/2 and 3T3-L1 cells were treated with RES for varying length of time as indicated, and then they were harvested and
stained with propidium iodide, followed by flow cytometry analysis. These analyses were repeated multiple times, and similar observations were
made. A representative data set was shown.
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these cells (based on the cumulative *H-thymidine incorpora-
tion for the last 6 h), with an ICs, value of approximately
25 uM (Figure 1B). In an additional experiment, we further
studied the effect of relatively lower concentrations of RES (at
6.25,12.5 and 25 uM) on the rate of cumulative *H-thymidine
incorporation at different time points (data shown in
Figure 1C). In this experiment, 2 nM *H-thymidine was added
into the replenishing medium. The untreated control cells
incorporated *H-thymidine in a linear fashion at earlier time-
points (up to 3 h), and then they quickly reached a plateau. In
comparison, cells treated with 6.25 uM RES had a reduced rate
of *H-thymidine incorporation at several earlier time-points
(1-3 h), whereas at later time-points (6 and 9 h), the cumula-
tive *H-thymidine incorporation of the RES-treated cells
reached the same plateau as the untreated cells. At higher
concentrations of RES (12.5 and 25 uM), the slow down in the
rate of *H-thymidine incorporation became more pronounced
(Figure 1C). These data suggest that RES slowed down the rate
of *H-thymidine incorporation when it was present at as low
as 6.25 uM concentrations.

Notably, similar concentration-dependent inhibition of cell
viability by RES was also observed in MCF-7 and MDA-MB-
435s breast cancer cells, as well as in several immortalized
non-cancerous murine cell lines (HT22 hippocampal cells,
C3H/10T1/2 fibroblasts and 3T3-L1 preadipocytes) (data not
shown).

Induction of a reversible, non-cytotoxic S-phase delay. To char-
acterize RES-induced inhibition of cell growth and DNA syn-
thesis, cell cycle distribution was analysed. A significant
accumulation of cells at the S-phase of the cell cycle was
observed when HepG2 cells were treated with relatively low
concentrations (such as 12.5 and 25 uM) of RES (Figure 1D).
However, no significant cytotoxicity or cell death (apoptotic
or necrotic) was observed in these cells. RES-induced S-phase
accumulation had a unique dose-response pattern. At 50 uM,
RES only caused a very small increase in S-phase accumula-
tion, and the predominant effect seen at this high concentra-
tion was an increase of the sub-G, fraction, suggesting an
increased cell death. Notably, RES at relatively lower concen-
trations (such as 12.5 and 25 uM) actually induced a more
rapid and more pronounced S-phase accumulation compared
to higher concentrations of RES (50 or 100 uM). RES-induced
accumulation of S-phase cells peaked at 12-24 h after treat-
ment, and afterwards the cells slowly progressed through the
cell cycle just as the control cells (only treated with vehicle).
This observation suggests that RES only induced a temporary,
non-cytotoxic S-phase delay. This unique phenomenon
was repeated four times in total and at a wider range of
RES concentrations, and highly reproducible results were
obtained.

A similar time-dependent induction of S-phase delay was
observed in several immortalized non-cancerous murine cell
lines (HT22 hippocampal cells, C3H/10T1/2 fibroblasts and
3T3-L1 preadipocytes) when they were treated with 10 uM
RES. Some of the data are summarized in Figure 1E.

Induction of apoptosis. At the 50 uM concentration, RES
induced cell death as evidenced by an increase in the sub-G;
cell population (Figure 1D) in addition to a strong growth
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inhibition. To assess the relative contribution of apoptosis to
the overall growth inhibition and cell death seen at different
concentrations of RES, we studied RES-induced apoptosis.
Treatment with RES (at 25 and 50 uM) for 12, 24 and 36 h
caused mitochondrial membrane potential loss (DiOCs
staining) in a time- and concentration-dependent manner
(Figure 2A). A small increase in TUNEL-positive cells and DNA
fragmentation was detected at 24 h after treatment with 50 uM
RES, and these changes became more visible at 36 and 48 h,
respectively (Figure 2B,C). In comparison, RES at relatively
lower concentrations (=25 uM) did not noticeably increase
DNA fragmentation (Figure 2C) or the number of TUNEL-
positive cells (data not presented). Taken together, these results
suggest that the significant growth inhibition seen at relatively
lower concentrations of RES (=25 uM; Figure 1A,B) was essen-
tially not attributable to RES-induced apoptosis. However, at
higher concentrations (50 and 100 uM), RES can also induce
apoptosis, and the apoptotic effect of RES adds to the overall
growth inhibition under this treatment condition.

Effect of RES on signalling pathways that regulate apoptosis and
cell cycle events

Cell cycle regulatory proteins. To assess the role of various cell
cycle regulatory proteins in mediating RES-induced S-phase
delay, we examined their protein levels in HepG2 cells follow-
ing treatment with RES (at 6.25, 12.5, 25 and 50 uM) for 12
and 24 h. One set of the representative data is shown in
Figure 3.

It is known that CDK4/6 and cyclin D1/D3 are mostly
involved in regulating the G; phase of the cell cycle. We
found that the protein levels of CDK4 and CDK6 were only
marginally reduced when cells were treated with higher con-
centrations of RES (25 and 50 uM). Cyclin D1 levels were
reduced in a concentration-dependent manner, and its reduc-
tion was >90% when 50 uM RES was present. In contrast, the
level of cyclin D3 was markedly increased at 24h in a
concentration-dependent manner (but not at 12 h). The level
of p15™** (one of the CDK4 inhibitors) was essentially not
altered. Since the most notable change of the G, cell cycle
proteins involves a marked decrease of cyclin D1 levels after
treatment with a high concentration (50 uM) of RES, this
change may partially contribute to its growth inhibition seen
at higher concentrations (=50 uM).

While CDK2/cyclin E is known to play an important role in
driving the cells in G; phase to enter the S phase (Woo and
Poon, 2003; Kaldis and Aleem, 2005), the CDK2-cyclin A is
more involved in leading cells in the late S phase to enter the
G, phase. We found that while the total protein levels of
CDK2 remained largely unchanged in cells treated with RES
for 12 or 24 h, its active form (phospho-CDK2) was increased
by treatment with RES. Notably, the increase of phospho-
CDK2 was significant after treatment with relatively low con-
centrations of RES (6.25 and 12.5 uM) for 12 h, and it reached
a peak at 25 uM. When the cells were treated with 6.25 uM
RES for 24h, the phospho-CDK2 level was somewhat
decreased compared to the control, but its level was still
significantly elevated when the cells were treated with 25 uM
RES for 24 h. These concentration- and treatment time-
dependent changes in the phospho-CDK2 level matched
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Figure 2 Effect of resveratrol (RES) on mitochondrial membrane potential (A), DNA integrity (B) and DNA fragmentation pattern (C). HepG2
cells were treated with 25 or 50 uM RES for 12, 24 and 36 h, or as indicated. The mitochondrial membrane potential was determined using
flow cytometry analysis (DiOCg staining). DNA integrity was determined using the terminal deoxynucleotidyl transferase-mediated dUTP nick
end labelling assay (original magnification, x40) and DNA fragmentation (formation of DNA ladders).

nicely the concentration- and time-dependent accumulation
of S-phase cells as shown in Figure 1D. Certainly, this obser-
vation is in agreement with the known function of activated
CDK2 (phospo-CDK?2) in driving cells in late G, phase into the
S-phase. The cyclin E expression was also increased by treat-
ment with 25 or 50 uM of RES for either 12 or 24 h. The levels
of cyclin A expression were not significantly changed after
treatment with RES for 12 h, but after treatment for 24 h with
12.5 or 25 uM RES, it was increased.

Moreover, we have also determined the Ilevels of
p21Wat/Cirt (p21) and Chk2 in RES-treated cells. Chk2 is a
multifunctional enzyme that is involved in the induction of
cell cycle arrest and apoptosis (Ahn et al., 2004). While the
total level of Chk2 was only slightly increased by RES, its
phosphorylated form (the active form) was increased in a
concentration-dependent manner after RES treatment. The
increase became very pronounced at higher concentrations.
Similarly, the p21 protein levels were significantly increased

British Journal of Pharmacology (2009) 158 462-474



Induction of S-phase arrest by resveratrol

468 R Zhou et al
12 hours 24 hours

o o w9

REsM) - 3 & ¥ ¢ - 8 & & o

CDK4|------ -— ---’|

CDKG |0 v - - - - —— - -

Cyclin D1 |"' --'---—---—-|

Cyclin D3 |-“-- — - - - _..|

p15 INK4B |--------—-|

p-CDK2|-----" - @ e |

CDK2|---‘-------|

CyelinE | QDD o w W |

Cyclin A |-—-—— s — A — |

p21 Waf1/Cip1 |_- - e oo - -|
- — |
Chk2 |—-—-—-—-__ |
Bactin | e """’ |

Figure 3 Effect of resveratrol (RES) on the cell cycle regulatory pro-
teins. HepG2 cells were treated with RES (at 0, 6.25, 12.5, 25 and
50 uM) for 12 and 24 h, then cells were harvested, and the whole cell
lysates were analysed by Western immunoblotting. The blots were
also probed with anti-B-actin for the confirmation of equal loading of
proteins in each lane.

p-Chk2 | -

by treatment with RES at higher concentrations (25 and
50 uM; Figure 3).

Since earlier studies showed that Chk2 plays an important
role in the induction of S-phase arrest under certain condi-
tions (Falck et al., 2001), we further probed the role of Chk2 in
the induction of S-phase delay by using RNA interference
(RNAi). In addition, the role of p21 was also studied for
comparison. As shown in Figure 4A, gene silencing with
Chk2-siRNA in HepG2 cells partially inhibited RES-induced
S-phase delay, whereas silencing of the p21 gene did not show
any effect on RES-induced S-phase arrest. Western blot analy-
sis (Figure 4B) confirmed that treatment of HepG2 cells with
specific siRNAs decreased the protein levels of Chk2 and
phospho-Chk2 by over 80%. Similarly, the level of p21
protein was also decreased by approximately 80%. These data
confirmed that Chk2 activation contributes to the induction
of S-phase delay.

Apoptotic proteins. To elucidate the mechanism of RES-
induced apoptosis, changes in the levels of representative
apoptotic proteins were also determined in HepG2 cells
treated with 25 or 50 uM RES for 12, 24 and 36 h (data shown
in Figure 5A,B). RES at 50 uM increased the cleaved form of
both caspase-7 and PARP, and it slightly decreased the levels
of pro-caspase-7 and pro-PARP. Whereas RES also slightly
decreased the level of pro-caspase-3, the level of its cleaved
form (i.e. the active form) was not significantly changed (data

British Journal of Pharmacology (2009) 158 462-474

not shown). This experiment was repeated several times, and
similar observation was made. In addition, RES also increased
the levels of pro-apoptotic members of the Bcl-2 family pro-
teins, including Bax, Bim and Puma, and the increase of Puma
was most pronounced (Figure 5).

Role of MAPKs and PI3K in mediating RES actions

MAPKs (JNK, p38, and ERK) and PI3K are important early
upstream signals that mediate cell survival and growth, and
the effect of RES on their regulation was thus also probed as
part of our mechanistic study. We found that untreated
HepG2 cells had barely detectable levels of J]NK and p38, and
treatment with 50 uM RES for 24 h did not noticeably affect
the levels of the inactive forms of these two proteins (data not
shown). Also, the levels of the phospho-JNK and phospho-
p38 (their active forms) were not appreciably altered by treat-
ment with 50 uM RES (Figure 6A). In comparison, treatment
of HepG2 cells with 50 uM RES for 24 h strongly decreased
the levels of phospho-ERK and phospho-PDK-1, although the
effect was much weaker when 25 uM RES was present. The
changes in the levels of phospho-Raf and Akt in RES-treated
cells were rather modest (Figure 6A). The levels of phospho-
PTEN (an inhibitory regulator of the PI3K/Akt signalling
pathway) were not significantly altered by RES treatment
(data not shown).

To further probe the role of ERK and PI3K signalling path-
ways in RES-induced cell cycle change and apoptosis, we
examined the effect of specific inhibitors of ERK (U0126, at
2.5 uM) and PI3K (LY294002, at 5 uM). Note that at the con-
centrations of U0126 and LY294002 used in this study, it was
expected that the activity of ERK and PI3K would be markedly
inhibited but probably not completely abolished. The cells
were first treated with each of the inhibitors for 3 h, and then
they were cultured for additional 24 h in the presence of 25 or
50 uM RES. At 25uM, RES would induce S-phase arrest
without inducing apoptosis, whereas at 50 uM, it would pref-
erentially induce a moderate growth inhibition (along with
detectable apoptosis; see Figures 1A,B,D and 2C).

As shown in Figure 6B, when the cells were treated with
25 uM RES + LY294002 (a PI3K inhibitor), there was a
noticeable change in the S-phase pattern, with a shift of
some cells closer to the G; phase, suggesting an increase of
cells in the early S phase. This increase was relatively small
because the cells treated with 25 uM had already developed
a pronounced S-phase delay. Interestingly, when LY294002
was combined with 50 uM RES (which did not induce
S-phase delay), this phenomenon completely disappeared.
This observation suggests that the inhibition of PI3K
pathway partially contributed to the induction of S-phase
delay in HepG2 cells. In comparison, combined treatment of
cells with 25 or 50 uM RES + the ERK inhibitor U0126, the
S-phase cell population was actually decreased, and there
was a marked increase in the sub-G; cell population, clearly
suggesting that inhibition of ERK did not contribute to the
development of S-phase accumulation, but it contributed
importantly to increased cell death through apoptosis (more
data are provided below).

When 50 uM RES was combined with U0126, there was a
marked increase in the sub-G; population (Figure 6B), along
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Figure 4 Effect of p21 and checkpoint kinase 2 (Chk2) knockdown on resveratrol (RES)-induced S-phase delay. HepG2 cells were transfected
with control small interfering RNA (siRNA, p21 siRNA or Chk2 siRNA as described in the Methods section). Twenty-four-hour posttransfection,
the transfectants were subsequently treated with 25 or 50 uM of RES for 24 h, and then they were harvested and stained with propidium
iodide, followed by flow cytometry analysis. The experiments were repeated twice, and similar observations were made. A representative data
set was shown.
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Figure 5 Dose- and time-dependent effect of resveratrol (RES) on the levels of apoptotic proteins. HepG2 cells were treated with 25 or 50 uM
RES for 24 h (A) or with 50 uM RES for 12, 24 or 36 h (B), and then the cells were harvested, and the whole cell lysates were analysed using
Western immunoblotting. The blots were also probed with anti-B-actin for the confirmation of equal loading of proteins in each lane.

with a significant enhancement of RES-induced growth inhi-
bition (Figure 7A). In addition, RES + U0126 also increased
the loss of membrane potential (Figure 6C) and DNA frag-
mentation in these cells (Figure 6D), suggesting an increase
in apoptotic cell death. Consistent with this observation,
RES + U0126 increased PARP cleavage and the expression of
the pro-apoptotic proteins Bax and Bim, while it also
slightly decreased the expression of the anti-apoptotic
protein Puma (Figure 7B). Together with the data in
Figure 6A showing that RES at 50 uM markedly decreased
the levels of phospho-ERK, these data unequivocally show
that inhibition of ERK plays a crucial role in mediating RES-
induced growth inhibition and apoptosis. Consistent with
this observation, a recent study showed that RES at a
100 nM concentration induced growth inhibition in a
gastric adenocarcinoma cell line by inactivating MEK1/2-
ERK1/2-c-Jun signalling pathway (Aquilano et al., 2009). In
comparison, combination of 50 uM RES with the PI3K
inhibitor LY294002 did not markedly enhance the apoptotic
effect of RES (Figure 6B) or its growth inhibitory effect
(Figure 7A). Similarly, the apoptotic proteins were also not
appreciably affected by the combination of RES with
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LY294002 (Figure 7B). These data suggest that PI3K does not
play an important role in the development of apoptotic cell
death induced by high concentrations of RES.

Discussion

Studies in recent years have revealed that RES can exert
unique biological actions, resulting in lifespan prolongation
and cancer protection. However, the cellular and molecular
mechanisms of these unique actions are still not clear despite
many studies. Based on the findings described in a number of
recent studies concerning the modulatory effect of RES on cell
growth and particularly on apoptosis (Ahmad et al., 2001; She
et al., 2001; Joe et al., 2002; Kuo et al., 2002; Aquilano et al.,
2009), we sought to further investigate the effect of RES on
cell cycle progression, in an effort to shed lights on the cel-
lular mechanisms of some of its unique biological actions.
Our results showed that the most notable effect of RES at
relatively low concentrations (6.25-25uM) in cultured
HepG2 cells is a strong but reversible induction of the S-phase
delay along with a mild DNA synthesis inhibition, which is
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cytometry.

accompanied by a temporary slow down of cell cycle progres-
sion, yet without causing cytotoxicity or increasing cell death
(apoptosis or necrosis). Notably, the induction of S-phase
delay by 12.5 and 25 uM RES actually occurred more rapidly
and the effect was more pronounced compared to cells treated
with higher concentrations (e.g. 50 uM) of RES. Following a
prolonged stay at the S phase, cells treated with RES at 12.5 or
25 uM (but not at 50 uM) slowly progressed through the S
phase and then entered the normal cell cycle just as the
vehicle-treated control cells. No significant increase in apop-
totic and/or necrotic cell death was detected during the
process. This observation suggests that RES at relatively lower
concentrations appears to selectively slow down the pace of
cell cycle progression by prolonging the S-phase stay, yet
without increasing cytotoxicity or cell death. Interestingly,
this effect was mostly disappeared when higher concentra-
tions of RES were present.

Based on this observation, we believe this effect may repre-
sent a rather general mechanism for some of the unique
biological actions (such as lifespan prolongation and cancer
prevention) of RES as well as other similar compounds.
Understandably, when each cell cycle is slowed down at the S
phase, it would cumulatively increase the total lifespan of an
organism assuming that the total numbers of cell divisions of
a given organism remain the same. Similarly, when cells
proceed through cell cycles at a slightly reduced pace during
the process of DNA replication (which occurs in the S phase),
it likely would be beneficial to the cells by allowing them
more time to repair the damaged DNA and thereby reduce the
chances for mutagenesis and tumorigenesis.

It is known that CDK2 is a catalytic subunit of the cyclin-
dependent protein kinase complex, whose activity is essential
for cell cycle G4/S-phase transition (Falck ef al., 2001; Bartek
and Lukas, 2003; Woo and Poon, 2003; Kaldis and Aleem
2005; Tyagi et al., 2005). This protein is associated with and
regulated by the regulatory subunits of a complex which
includes cyclin E, and the CDK inhibitors p21 and p27. The
results of our present study show that RES increases CDK2
activity, and this change helps drive cells to enter the S phase.
Consistent with the suggested role of CDK2 in RES-induced
S-phase delay, additional studies using RNAIi also showed that
knockdown of Chk2 expression partially diminished RES-
induced S-phase delay.

A number of earlier studies have reported that RES can
biochemically inhibit PI3K, consequently resulting in the
inactivation of its downstream target PKB (and ultimately
glucose utilization) in some of the cancer cell lines (Faber
et al., 2006; Sexton et al., 2006; Frojdo et al., 2007). The results
of our present study also suggest that inhibition of PI3K
pathway may be an early signalling event partly involved in
the induction of RES-induced S-phase delay. This suggestion is
based on the following two observations made in the present
study. First, moderate changes in the PDK-1 activation, total
Akt protein levels and Raf activation were observed in cells
treated with RES, which suggest a partial blockade of the PI3K
signalling cascade. Second, concomitant treatment of cells
with RES + a PI3K inhibitor further increased cell accumula-
tion in the early S-phase. Notably, this enhancing effect of a
PI3K inhibitor was only seen when it was combined with
25 uM RES (a concentration suitable for inducing S-phase
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were determined by assaying the DNA ladder formation.

delay), but the effect was not seen when combined with
50 uM RES (which did not induce S-phase delay). This piece of
data with the PI3K inhibitor suggests that PI3K is an early
initiator involved in RES-induced S-phase delay.
Interestingly, studies in recent years using yeasts have shown
that RES as well as some of its synthetic analogs can activate
Sir2 histone deacetylase (Howitz et al., 2003; Yang et al., 2007;
Oberdoerffer et al., 2008; Pearson et al., 2008), and this effect
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has been suggested to be a possible mechanism for increasing
yeast replicative lifespan. Similarly, there were also studies
showing that RES (at relatively high concentrations, >50 uM)
may activate the rodent and human homologs of Sir2 (Borra
et al., 2005; Kaeberlein ef al., 2005; Mayers et al., 2008). It will
be of interest to examine whether SIRT1 activation by RES is
also involved in its induction of the non-cytotoxic S-phase
delay in mammalian cells as described in this study.



There are many studies in the literature reporting the
apoptosis-inducing effect of RES (Ahmad etal., 2001; She
etal., 2001; Joe et al., 2002; Kuo et al., 2002). Our data also
show that at high concentrations (=50 uM), RES can induce
apoptosis, but interestingly S-phase accumulation was mostly
disappeared at these high concentrations. Based on our data,
it is estimated that the contribution of RES-induced apoptosis
to the overall cell growth inhibition is relatively small because
RES is a relatively weak apoptotic agent even at high concen-
trations. We found that RES-induced apoptosis is preceded by
the breakdown of mitochondrial transmembrane potential
and DNA fragmentation. The observed increase in the levels
of pro-apoptotic Bcl-2 family members, such as Bax, Bim and
Puma, may contribute to the depolarization of the mitochon-
drial membrane and the release of cytochrome c. The latter
may further lead to the activation of caspases and ultimately
apoptotic cell death. Mechanistically, our results clearly
showed that the inhibition of ERK activation by RES is an
important upstream event that contributes in a major way to
the growth inhibition and apoptosis induced by high concen-
trations of RES (50 or 100 uM), but it does not play an appre-
ciable role in the development of S-phase arrest. In
comparison, while inhibition of PI3K signalling pathway by
RES does not appear to play a role in the development of
apoptosis, it may be partially involved in the induction of the
non-cytotoxic S-phase delay.

Lastly, it is worth noting that the concentrations of RES that
were added to the culture medium in this study were rela-
tively high because the cultured HepG2 hepatocytes have a
high capacity to rapidly metabolize RES. It was observed in
this study that over 50% of RES was disappeared only after 3 h
(data not shown). If a more stable level of RES can be main-
tained in the culture medium, we believe the S-phase delay
can be induced by RES at lower concentrations.

In summary, although a number of earlier studies have
already reported that RES can induce apoptosis in several cell
lines (Ahmad et al., 2001; She et al., 2001; Joe et al., 2002; Kuo
etal., 2002), the results of our present study show that the
major effect of RES seen at pharmacologically more relevant
lower concentrations is the induction of a strong but revers-
ible S-phase delay and a mild DNA synthesis inhibition, yet
without the induction of apoptotic or necrotic cell death. We
believe the observed effect of RES may represent a novel
mechanism that may explain some of the beneficial biological
actions of RES, such as the prolongation of lifespan in organ-
isms and protection against early development of cancer. At
high concentrations, RES can induce a rather modest level of
apoptosis, which is mainly mediated by the mitochondrial
pathway. While MEK inhibition and Chk2 activation are
important early signalling events responsible RES-induced
apoptosis, activation of p-CDK2 and cyclin A is believed to
play a role in the induction of a reversible, non-cytotoxic
S-phase delay.
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