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Phytochemicals constitute a heterogeneous group of substances with an evident role in human
health. Their properties on cancer initiation, promotion and progression are well documented.
Particular attention is now devoted to better understand the molecular basis of their anticancer
action. In the present work, we studied the eﬀect of resveratrol on the ovarian cancer cell line
OVCAR-3 by a proteomic approach. Our ﬁndings demonstrate that resveratrol down-regulates
the protein cyclin D1 and, in a concentration dependent manner, the phosphorylation levels of
protein kinase B (Akt) and glycogen synthase kinase-3b (GSK-3b). The dephosphorylation of
these kinases could be responsible for the decreased cyclin D1 levels observed after treatment.
We also showed that resveratrol reduces phosphorylation levels of the extracellular signal-regulated
kinase (ERK) 1/2. Chemical inhibitors of phosphatidylinositol 3-kinase (PI3K) and ERK both
increased the in vitro therapeutic eﬃcacy of resveratrol. Moreover, resveratrol had an inhibitory
eﬀect on the AKT phosphorylation in cultured cells derived from the ascites of ovarian cancer
patients and in a panel of human cancer cell lines. Thus, resveratrol shows antitumor activity in
human ovarian cancer cell lines targeting signalling pathway involved in cell proliferation and
drug-resistance.

Introduction
Ovarian cancer is one of the leading causes of cancer death
worldwide. The mortality that results from this type of cancer
is still high considering the enormous advances in the understanding of the underlying biology. In comparison with other
a
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cancer types, such as breast and colorectal cancers, the ovarian
cancer death rate has remained unchanged between 1930 and
2005.1,2
The poor eﬃcacy of the currently available therapies and
the diﬃculty detecting cancer in the early phase can in part
explain this high death rate. The diagnosis in the ﬁrst stage is
usually elusive; tumors are in fact diagnosed at an advanced
stage when cancer cells have metastasized to the pelvic organs
making diﬃcult the complete eradication of secondary tumors.
This scenario is further complicated by the failure of the current
drugs, which show only a limited eﬃcacy, even in chemosensitive
tumors.3
Moreover, the presence of several histological types and
subtypes with distinct clinical presentations and multiple genetic
abnormalities contribute to make the picture so complex. In fact,
more than seven signalling pathways are activated in ovarian
cancer and several genetic abnormalities have been clearly
detected.4
With this in mind, it seems clear that improvement in the
current approaches with the identiﬁcation of new therapeutic
molecules is pivotal in the management of the disease. Ideally, to
address the major clinical needs, these drugs should be able to
(i) show therapeutic eﬃcacy when used alone or in combination
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with the available drugs, in order to overcome chemoresistance,
and (ii) target speciﬁc or multiple molecular pathways involved
in the ovarian cancer physiopathology.
Today, a number of epidemiological and genetic evidence
indicates that several types of cancer can be prevented by the
lifestyle and an appropriate diet.5 More than 25 000 diﬀerent
bioactive components are thought to occur in foods and several
of these components may arise from plants (phytochemicals).6
Phenolic compounds comprise one of the largest groups of
metabolites produced from plants to protect themselves
against several stresses including reactive species and herbivores.7
Although of great importance for plant physiologists, phenolic
compounds attracted the attention of scientists working on the
topics related to cancer, due to their health beneﬁts including the
ability to interfere with diﬀerent steps of the tumorigenesis.8,9
Resveratrol (trans-3,4 0 ,5-trihydroxystilbene), a stilbene
abundant in red grapes, responds to the description of a
molecule with a potential clinical use, not only for the prevention
of cancer but also for its treatment. In fact, extensive research
during recent years has well described the ability of resveratrol to
induce cancer cells death alone or in combination with other
therapeutic drugs or phytochemicals, as well as to prevent growth
factor-induced cancer progression.10–12 All these properties are
explained considering the uniqueness of resveratrol to modulate
several signalling pathways that mediate invasion, metastasis and
angiogenesis.13
However, data regarding the properties of resveratrol in
ovarian cancer are still limited and the mechanisms of action
are not fully known. Previous works reported that resveratrol
treatment induced autophagocytosis in ovarian cancer cells,
activation of both ATM (ataxia telangiectasia mutated) and
ATR (ataxia telangiectasia-Rad3-related) proteins, and downregulation of the insulin- or serum-induced expression of
eukaryotic elongation factor 1A2 (eEFIA2).14–16 Additionally,
resveratrol causes an increase in the expression of the enzyme
cyclooxygenase (COX)-2, associated with COX-2 nuclear
localization, p53 phosphorylation and apoptosis.17 A role in
limiting ovarian cancer progression by inhibiting hypoxiainducible factor-1a (HIF-1a) and vascular endothelial growth
factor (VEGF) expression was also reported.18
In this study, we use an approach that combines twodimensional electrophoresis (2-DE) and mass spectrometry
(MS/MS) to identify new potential targets of resveratrol
action in ovarian cancer cell lines. We identiﬁed some proteins
whose expression was signiﬁcantly modulated by resveratrol
treatment. In particular, the resveratrol-induced down-regulation
of the protein cyclin D1 was further conﬁrmed by western blotting.
The phosphorylation level of the protein kinase B (Akt) and
glycogen synthase-3b (GSK-3b), two kinases potentially involved
in the regulation of cyclin D1, was decreased in resveratrol
treated samples. The phosphorylation of the mammalian
target of rapamycin (mTOR), a downstream target of Akt,
was also modulated by resveratrol.
The down-regulation of Akt/GSK signalling pathways was
further demonstrated in ascites-derived ovarian cells and in a panel
of human cancer cell lines, suggesting that this pathway may be an
important mediator in the mechanism of action of resveratrol.
Finally, resveratrol treatment resulted in the down-regulation
of phosphorylated-extracellular signal-regulated kinase (pERK),
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and the combination of phosphatidylinositol 3-kinase (PI3K) and
ERK inhibitors with resveratrol further enhanced resveratroleﬀects on cell proliferation.

Experimental methods
Chemicals
Resveratrol was purchased from Sigma-Aldrich. A 100 mM
stock solution in 70% ethanol of resveratrol was prepared and
kept frozen (20 1C). Phalloidin-ﬂuorescein isothiocyanate
(FITC) and MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) were from Sigma-Aldrich. LY294002 and
UO126 were from Santa Cruz. Both inhibitors were dissolved
in DMSO and stored at 20 1C. The following reagents were
obtained from GE Healthcare: IPG strips pH 3–10 NL, IPG
(Immobilized PH Gradient) buﬀer 3–10, dry strip cover ﬂuid
and Hybond ECL membrane and ECL western blotting
detection reagents. Anti-phospho-Akt threonine 308 (pAkt
Thr308) and anti-phospho-GSK-3 tyrosine 279 and tyrosine
216 (pGSK3 Tyr279/Tyr216) were from Millipore. Anti-phosphomTOR serine 2448 (pmTOR Ser2448), anti-ERK1/2 and antiphospho-ERK 1/2 threonine 202 and tyrosine 204 (pERK
Thr202/Tyr204) were from Cell Signaling. All other primary and
secondary antibodies (HRP-conjugated) were from Santa Cruz.
All other reagents were from standard commercial sources and
were of the highest grade available.
Cell cultures and ascites-derived tumor cells
The human ovarian cancer cell lines OVCAR-3 and SKOV-3,
the human breast cancer cell line MCF-7, the human cervical
cancer cell line HeLa, the human osteosarcoma cell lines MG-63
and SAOS2, and the human neuroblastoma cell lines SHSY-5Y
and IMR32 were all cultured in DMEM medium supplemented
with 10% foetal bovine serum (FBS), 100 U mL1 penicillin and
100 mg mL1 streptomycin at 37 1C in an atmosphere of 5%
CO2.
Ascites were collected from ﬁve chemotherapy-naı̈ve patients,
who ranged in age from 51 to 72 years, diagnosed with serous
adenocarcinoma and presented as stage III (FIGO classiﬁcation).
Following appropriate consent and according to institutional
guidelines, ascites were collected at the time of clinical intervention.
Approval for the study was obtained from the local Institutional
Review Board. Ascites-derived tumor cells were isolated according
to the protocol of Shepherd and collaborators.19 Cells were allowed
to grow for several weeks and used for our research purposes after
three passages.
Tumor cells derived from ascites grew in culture with the
typical cobblestone-like morphology and maintained the expression
of epithelial markers including cytokeratins, as detected by reverse
transcription-PCR (RT-PCR) (data not shown). Only ascitesderived cells with these characteristics were further processed.
Experiment design
OVCAR-3 cells were treated with resveratrol at the concentrations of 25, 50, 100 and 200 mM for 30 min. Controls were
treated with the same volume of 70% ethanol (vehicle). To
evaluate the combined use of resveratrol with PI3K and ERK
inhibitors, OVCAR-3 cells were treated with vehicle or treated
Mol. BioSyst., 2012, 8, 1078–1087
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Cells were seeded at a density of 5  103 per well in a 96-well
plate containing 100 mL of full medium and allowed to adhere
to the plate overnight. For determining cell viability, the MTT
assay was used. After treatment with resveratrol, the culture
medium was aspirated and 100 mL of fresh medium containing
10 mL of MTT stock solution, 5 mg mL1 in phosphatebuﬀered saline (PBS) solution, was added to each well. Cells
were then incubated for further 2–3 h. After removal of MTT
solution, 100 mL of DMSO was added to the wells, maintaining
in agitation for 15 min to dissolve MTT–formazan crystals.
Absorbance of the converted dye was measured at a wavelength
of 570 nm with background subtraction at 690 nm. The relative
cell viability was expressed as a percentage of the untreated
control wells.

0.5 M, glutaraldehyde 2%) for 30 min. Gels were washed three
times with Milli-Q water for 10 min each, sensitized for 10 min
in 0.05% naphthalene disulfonate, stained in 0.1% silver
ammonia solution for 30 min and developed for 10 min in
an acidic developer. The developing reaction was terminated
by incubation in stopping solution (5% acetic acid) for 10 min
followed by three washing steps. Gels were scanned by Image
Master scanner at 300 dpi and analysed by Image Master
software 5.0.
Spot detection and matching were carried out by the software tools and corrected manually when necessary.
After spot detection, editing, matching and normalization,
2081  128 and 2003  37 spots were detected in the control
and resveratrol-treated gels, respectively.
The analysis was performed by comparing the volume% of
each spot, expressed as percentage of the spot volume over the
total volume of all spots in the gel. Signiﬁcant diﬀerences in
protein levels were determined by Student’s t-test with a set
value of p o 0.05. The proteins with a Z 2-fold spot quantity
change were selected for the following identiﬁcation.
Experiments were performed three times independently and
each gel was repeated twice.

Confocal microscopy

Mass spectrometry analysis

Exponentially growing ovarian cancer cells were seeded on
25 mm square glass cover slips placed in 35 mm diameter
culture dishes. After treatment, cells were ﬁxed for 5 min with
3.7% formaldehyde in PBS solution, permeabilized with a
0.1% solution of Triton X-100 in PBS, and incubated for 30 min
at room temperature with phalloidin-FITC (1 mg mL1 in PBS
from 1 mg mL1 DMSO stock solution). After that, cells were
washed three times in PBS. The preparations were mounted in
50% glycerol in PBS. Images were acquired by confocal laser
microscopy using a TCS SP5 (Leica Microsystem GmbH,
Mannheim, Germany).

Protein bands were excised from gels, and cysteines were
reduced with dithiothreitol and alkylated with iodoacetamide.
After derivatization, the samples were incubated overnight at
37 1C with 20 mL of a buﬀer solution, 50 mM ammonium
bicarbonate, that contained 10 ng mL1 sequence-grade trypsin (Sigma, St. Louis, MO). The reaction was stopped by
adding a ﬁnal concentration of 0.1% triﬂuoroacetic acid and
by freezing gel plugs at 20 1C. After digestion, samples were
used for protein identiﬁcation by LC-MS/MS, using a CapLC
system (Micromass, Waters) coupled on-line with a nano-ESIQ-TOF instrument (Micromass, Waters). The sample (6 mL)
was ﬁrst concentrated into a Waters Symmetry 300 C18 5 mm
OPTI-PAK trap column, 0.35  5 mm, by a carrier solvent
(water with 0.2% formic acid) at 20 mL min1 for 3 min and
subsequently, it was eluted at 0.2 mL min1 (using a precolumn splitter) on a C18 column LC-Packings DIONEX
PepMap 5 mm, 100 Å 75 mm inner diameter  250 mm, with
a water/acetonitrile gradient in the presence of 0.2% formic
acid. Argon was used as the collision gas. The collision energy
was as a function of the precursor ion mass. MS/MS spectra
were acquired by automatic switching between MS and
MS/MS mode. Acquired MS/MS data were converted in a
compatible format (Pkl ﬁles) using default parameters of
ProteinLinx 2.0 software (Micromass) and analyzed using
MASCOT MS/MS ion search engine (http://www.
matrixscience.com) with SwissProt database. The query was
restricted to the Homo sapiens (human) database. The
maximal tolerance for peptide masses was 100 ppm and the
maximal tolerance for MS/MS data was 0.3 Da, searching
peptide charge of 2+ and 3+. At most one mis-cleavage for
tryptic peptides was allowed, and the variable modiﬁcation
accepted was oxidation of methionines. Identiﬁcations were
accepted based on signiﬁcant MASCOT Mowse scores over
the threshold of 32.

with resveratrol (100 mM) and/or LY294002 (10 mM) and/or
UO126 (10 mM) for 24 h. Ascites-derived tumor cells were
treated with resveratrol at the concentrations of 25, 50, 100
and 200 mM for 48 h. HeLa, IMR32, MCF-7, SAOS-2, SHSY5Y and SKOV-3 were treated with resveratrol at the concentrations of 50, 100 and 200 mM for 24 h, 48 h and 72 h.
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Cell viability assay

2-DE and image analysis
Cell pellets were resuspended in lysis buﬀer containing 7 M
urea, 2 M thiourea, 4% CHAPS, protease inhibitor cocktail,
1 mM sodium orthovanadate, 10 mM sodium ﬂuoride and
sonicated on ice for three rounds of 10 s. The lysates were
centrifuged for 15 min at 12 000 rpm to separate the undissolved cell
debris. Protein concentration was determined using the Bradford
protein assay (BioRad).
Protein 2-DE was performed as described before.20,21 In
detail, protein samples (80 mg) were diluted up to 250 mL with
rehydration buﬀer (7 M urea, 2 thiourea, 4% CHAPS (3-[(3cholamidopropyl)dimethylammonio]-1-propanesulfonate), 65 mM
DTT and 0.5% v/v IPG buﬀer) and applied to IPG strips (13 cm,
pH 3–10 NL). IEF (isoelectric focusing) and second dimension
was performed with IPGphor IEF and Hoefer SE 600 Ruby
electrophoresis (GE Healthcare).
The IPG-strips were loaded and run on a 12% SDS-PAGE
gel at constant current of 20 mA per gel until the bromophenol
blue dye front had run oﬀ the base of the gel.
Gels were ﬁxed overnight in ﬁxing solution (30% v/v
ethanol and 10% v/v acetic acid), rinsed for 10 min in
water and then incubated in sensitizing solution (sodium acetate
1080

Mol. BioSyst., 2012, 8, 1078–1087

This journal is

c

The Royal Society of Chemistry 2012

View Article Online

Statistical analysis

Western blot analysis

Data were analysed using the statistical software GraphPad
(version 4.0). The two-tailed Mann–Whitney t-test was used to test
statistical signiﬁcance. Diﬀerences were considered statistically
signiﬁcant for p-values o 0.05.

Whole proteins were extracted in RIPA buﬀer (50 mM Tris-base,
150 mM NaCl, 0.1% SDS, 1% Triton X-100, 0.5% sodium
deoxycholate, 1 mM sodium orthovanadate, 10 mM sodium
ﬂuoride, 1% protease inhibitor cocktail) and quantiﬁed by the
Bradford protein assay. Samples were separated by 12%
SDS–PAGE and transferred to the Hybond ECL nitrocellulose
membrane. The membranes were blocked overnight in Blotto
A (Santa Cruz) at 4 1C, and subsequently probed by the
appropriately diluted primary antibodies for 2 h at room
temperature. After three washes with a solution of 0.1% (v/v)
Tween 20 in PBS, the blots were incubated with secondary
antibody HRP-conjugated for 2 h at room temperature (1 : 2000
dilution). Immunoblots were developed using the ECL system.
Images shown in this paper are representative of at least three
replicates with similar results.
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Pathway analysis
Network analysis was performed using the Ingenuity pathway
analysis (IPA) software (www.ingenuity.com). This program
builds protein networks based on known direct and indirect
interactions described in the literature and deﬁnes common
functional and canonical pathways. Signiﬁcance was evaluated
by exact Fisher’s test. A p-value of 0.01 corresponding to a
score of 2 was considered the cut-oﬀ for the analysis.
RT-PCR
Total cellular RNA was isolated by Illustra TriplePrep extraction
kit following the manufacturer’s instruction and immediately
used. Puriﬁed DNA and protein pellet were stored at 80 1C for
further analysis.
Total RNA (1 mg) was reverse transcribed into cDNA using
the High Capacity RNA-to-cDNA Master Mix (Applied
Biosystem). PCR was conducted on a MyCycler thermal cycler
(Bio-Rad). The ﬁnal volume of 25 mL included 1 mL of cDNA
template, 12.5 mL of PCR Master Mix (Promega), and 1 mL of
a mix containing primers.
PCR was carried out using the following conditions: denaturation at 951 C for 30 s, annealing at 60 1C for 30 s, and extension at
72 1C for 45 s. PCR samples were loaded onto a 1.2% agarose gel
containing ethidium bromide and analysed. The primers used for
PCR ampliﬁcation were designed using the Primer blast program
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and were as
follows: cyclin D1 sense 5 0 CGCTTCCTGTCGCTGGAGCC
3 0 , antisense 5 0 CTTCTCGGCCGTCAGGGGA 3 0 (111 bp,
Tm 60 1C); b-actin sense 5 0 CCACGGCTGCTTCCAGCTCC
3 0 , antisense 5 0 GGAGGGGCCGGACTCGTCAT 3 0 (422 bp,
Tm 60 1C).

Results and discussion
To test the antiproliferative eﬀects of resveratrol we selected
the ovarian cancer cell line OVCAR-3, a chemoresistant cell
line established from an ovarian adenocarcinoma of a treated
patient; OVCAR-3 cells express high levels of PI3K.22
The treatment with resveratrol inhibited OVCAR-3 cell
proliferation in a dose- and time-dependent manner (Fig. 1).
This eﬀect was more pronounced for drug-concentrations
higher than 50 mM, while for lower concentrations, signiﬁcant
eﬀects were observed only after prolonged treatments.
Phalloidin-FITC staining of OVCAR-3 cells was carried out
to visualize actin morphological modiﬁcations after resveratrol
treatment (Fig. 1b). Cells were treated with resveratrol at the
concentration of 100 mM and observed after 24 h, 48 h and 72 h.
Cells maintained under normal growth conditions showed a
classic cobblestone epithelial morphology with close cell–cell
contacts and a predominant actin staining in the cell borders.
Actin cytoplasmic protrusions were also evident. After 24 h and
48 h of treatment, cells displayed a diﬀerent morphology; cell–cell
contacts are less evident as well as cytoplasmic protrusions.
On the contrary, long echinoid protrusions became evident.

Fig. 1 Eﬀects of resveratrol on cell proliferation and actin organization. (a) Resveratrol inhibits cell proliferation of human ovarian cancer cells.
OVCAR-3 cells were treated with resveratrol for 24 h, 48 h and 72 h. Control cells (CTR) were treated with vehicle (70% EtOH). MTT test was
used to measure cell proliferation. *p o 0.05; **p o 0.01; ***p o 0.001 compared with untreated group. (b) Ovarian cancer cells plated on glass
coverslips were treated with resveratrol at the concentration of 100 mM for 24 h, 48 h, 72 h (B, C, D) and then ﬁxed. Control cells were treated with
vehicle (A). Cells were stained with phalloidin-FITC.
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Fig. 2 Representative 2-DE gel map of OVCAR-3 cell proteins. A total of 80 mg of proteins were separated by 2-DE using 13 cm IPG strip
pH 3–10 NL and 12% SDS-PAGE. Proteins were visualized by silver staining. Spots numbers indicate diﬀerentially expressed proteins. Spots
identiﬁed by MS/MS are reported in Table 1.

After 72 h of treatment, cells appeared rounded lacking the
actin structures normally seen in control cells and having fully
lost their cobblestone morphology.
To better characterise the molecular mechanisms of resveratrol
action, total proteins were extracted from control and treated
cells (100 mM, 24 h), subjected to proteome analysis by 2-DE
and visualized by silver staining (Fig. 2). Spot analysis was
performed using the software Image Master 5.0. Gels were
divided in two groups that were subjected to spot detection,
matching, and statistical analysis. Nineteen protein spots were
found to be diﬀerentially expressed. Spots were manually
excised, trypsin-digested and subjected to MS/MS analysis. Of
these 19 spots, 9 were successfully identiﬁed, whereas the others
remain unidentiﬁed probably due to their low-abundance levels.
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Proteins identiﬁed by MS/MS were listed in Table 1 and ESI
Table 1.w
Among these, the possible mechanism of cyclin D1 regulation
is highlighted in this work, considering the clinical impact of
this protein. In fact, the overexpression of cyclin D1 is
frequently observed in epithelial ovarian cancer samples,23
and associated with a more aggressive tumor phenotype and
poor prognosis.24
Western blot analysis with a cyclin D1 speciﬁc antibody was
performed to validate changes in cyclin D1 expression in
OVCAR-3 cells in response to resveratrol. This experiment
conﬁrmed that resveratrol had an eﬀect on cyclin D1 protein
expression level; in contrast, resveratrol had no eﬀect on cyclin D1
expression at the mRNA level, as determined by RT-PCR (Fig. 3a).
This journal is
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Table 1

Protein spots diﬀerentially expressed between control and resveratrol-treated cells
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Spot
Swiss Prot
number Accession No
Spot 1
Spot 3
Spot 7

Q14203
P18206
P10809

Spot
Spot
Spot
Spot

P23526
P37837
P24385
P04406/P54920

8
12
13
14

Spot 15 P04406/M15555
Spot 18 P60981

Protein name

Gene name

Fold variation
Matched Coverage Protein control vs.
peptides (%)
score
treated

Dynactin subunit 1
Vinculin
60 kDa heat shock protein,
mitochondrial
Adenosylhomocysteinase
Transaldolase
G1/S-speciﬁc cyclin-D1
Glyceraldehyde-3-phosphate
dehydrogenase/alpha-soluble
NSF attachment protein
Glyceraldehyde-3-phosphate
dehydrogenase/microtubule-associated
protein RP
Destrin

DCTN1
VCL
HSPD1

4
5
20

3
5
44

54
36
438

AHCY
TALDO1
CCND1
GAPDH/NAPA

16
9
2
14/9

32
25
12
48/36

GAPDH/
MAPRE2

5/7

DSTN

3

p-value

2.3
2.1
2.1

*
*
**

262
186
35
405/292

2.2
2.5
2.7
2.4

**
**
**
**

23/29

225/124

2.4

**

22

74

2.0

**

*p o 0.05; **p o 0.01.

This discrepancy between the mRNA level and the corresponding
protein level suggests that post-transcriptional mechanisms are
involved in the regulation of cyclin D1 by resveratrol.
The proto-oncogene cyclin D1 is a positive regulator of the cell
cycle and promotes G1 to S phase transition in cooperation with
its binding partners cyclin-dependent kinases (CDKs) 4 and 6.25
Expression of cyclin D1 is regulated by growth factor
stimulation through the activation of a cascade of kinases
including the mitogen-activated protein kinase (MAPK)/ERK
kinase and PI3K signalling pathway.26 A further level of
regulation of cyclin D1 occurs post-transcriptionally. Cyclin
D1 degradation is mediated by phosphorylation-triggered,
ubiquitin-dependent proteolysis.27,28 GSK-3b has been
reported to enhance cyclin D1 degradation by phosphorylating
the cyclin D1 threonine residue 286 thereby promoting the
nuclear-to-cytoplasm redistribution of cyclin D1 and triggering
its turnover.29,30
The activity of GSK-3b is regulated by the phosphorylation
of serine 9 and tyrosine 216 and several lines of evidence
indicate that Akt is an important determinant of GSK Ser9
phosphorylation, which becomes inactivated by Akt-dependent
phosphorylation.31 Taken together, these observations suggest
that alterations in the levels of cyclin D1 may be Akt/GSK
dependent. Having shown that resveratrol inﬂuences cyclin D1
levels, we tested if these kinases were modulated after resveratrol
treatment.
OVCAR-3 cells were treated for 30 min with resveratrol at a
concentration ranging from 25 to 200 mM and levels of
phospho-Akt and phospho-GSK were examined by western
blotting. Treatment of OVCAR-3 cells with resveratrol decreased
the levels of phosphorylated Akt at serine 473 (pAkt Ser473), but
not at Thr308, and phosphorylated GSK-3b at Ser9 in a concentration dependent manner, particularly at concentrations above
50 mM (Fig. 3b). In contrast, levels of total Akt and GSK-3b and
phospho-GSK Tyr279/Tyr216 did not change during treatment.
We next asked whether other members of the Akt pathways were
modulated after resveratrol treatment. We selected mTOR, a
direct substrate for Akt. As observed in Fig. 3b, the serine
2448 phosphorylation of mTOR decreased in ovarian cancer
cells in response to resveratrol treatment.
This journal is
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In summary, these results clearly demonstrate that the
inhibitory eﬀect of resveratrol on cyclin D1 is dependent on
the inhibition of Akt-dependent signaling by this polyphenolic
compound.
Together with the Akt/GSK pathway, the literature documents
the important role of other signalling pathways in the regulation
of cell proliferation. The MAPK cascade is one of the most
characterized. Several studies have demonstrated that suppression
of MAPK activity by inhibitors or silencing reduces the
proliferation rate of several cell lines.32–34
We therefore sought to determine if resveratrol could aﬀect
the phosphorylation status of this pathway. In doing this, we
used speciﬁc antibodies against two kinases belonging to this
pathway: ERK 1/2 and p38. ERK1 (p44 MAPK) and ERK2
(p42 MAPK) are usually activated by a variety of mitogenic
receptors (e.g., receptors for epidermal growth factor and
insulin-like growth factor), whereas p38 is activated primarily
by environmental stress such as osmotic stress, ionizing radiation
or by inﬂammatory cytokines.35
Substantial evidence points to the central role of both these
kinases in promoting cancer cell growth and drug-resistance in
ovarian cancer36–38 making them attractive targets for a
therapeutic intervention. As shown in Fig. 3, resveratrol
reduces phosphorylation of ERK but has no eﬀects on the
phosphorylation status and total level of the kinase p38.
As shown in Fig. 1b, resveratrol induces the re-arrangement
of the actin architecture in OVCAR-3 when assessed by
confocal microscopy, using phalloidin-FITC (Fig. 1b).
The mechanism by which resveratrol induces actin-remodelling
could involve rapid modiﬁcations in the phosphorylation
status of proteins controlling actin dynamics. To test this,
we decided to investigate possible modiﬁcations of coﬁlin, an
actin binding protein, because this protein is strictly involved
in actin remodelling39 and its levels were previously reported
to be modiﬁed by resveratrol treatment in other cell models.40
Furthermore, coﬁlin seems to be regulated through the Akt
pathway41 and, as previously shown, Akt is modulated after
resveratrol treatment in these cells. Based on these observations,
we investigated total coﬁlin (COF) and phospho-coﬁlin (pCOF)
levels since phosphorylation at serine 3 (pCOF Ser3) regulates
Mol. BioSyst., 2012, 8, 1078–1087
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Fig. 3 (a) Resveratrol reduces cyclin D1 protein levels. Cyclin D1
expression was evaluated at the protein and mRNA level after
resveratrol treatment. b-Actin was used to normalize the amount of protein
and cDNA loaded. (b) Akt and ERK signaling pathways were modulated
by resveratrol treatment. Extracts of cells were prepared as described above
and western blotting analysis was performed using primary antibodies
(dilution in parentheses) against the following proteins: Akt (1 : 1000),
phospho-Akt (Thr308) (1 : 500), phospho-Akt (Ser473) (1 : 500), cyclin D1
(1 : 500), coﬁlin (1 : 1000), phospho-coﬁlin (Ser3) (1 : 500), GSK-3b
(1 : 1000), phospho-GSK-3b (Ser9) (1 : 500), phospho-GSK-3 (Tyr279/
Tyr216) (1 : 500), phospho-mTOR (Ser2448) (1 : 1000), ERK 1/2
(1 : 1000), phospho-ERK 1/2 (Thr202/Tyr204) (1 : 2000), p38 (1 : 1000),
phospho-p38 (1 : 500), b–actin (1 : 2000). Horseradish peroxidase-conjugated goat anti-rabbit, goat anti-mouse or donkey anti-goat antibodies
were employed as secondary antibodies.

the severing activity of coﬁlin.42 As shown in Fig. 3b, no
modiﬁcations were observed either in the phosphorylation and
total levels of coﬁlin after 30 min of treatment, thus suggesting
that coﬁlin is not a primary target of resveratrol. Since a shortterm exposure to resveratrol does not inhibit coﬁlin, it might act
on this pathway only after a longer treatment. Furthermore, the
lack of correlation between phospho-Akt and phospho-coﬁlin
levels (pAkt decreases while the pCOF remain unchanged after
treatment) indicates that changes in the phosphorylation of Akt
are not correlated with the phosphorylation state of coﬁlin in
these cells.
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Next, given the ability of resveratrol to modulate both Akt/GSK
and ERK pathways, we tested whether the combination treatment
with cytotoxic agents that target these two pathways could
heighten its antiproliferative potential. OVCAR-3 cells were
treated with resveratrol alone, or with resveratrol in combination
with LY294002 (an inhibitor that blocks the PI3K-dependent Akt
phosphorylation) and UO126 (a MEK 1/2 inhibitor) (Fig. 4).
MTT test shows that the simultaneous administration of
resveratrol with drugs that modulate the Akt/GSK and
ERK pathways enhances anti-tumor activity above that seen
by treating with either agent alone.
Given the remarkable heterogeneity of ovarian cancer at
molecular and cellular level, this broad mechanism of action
marks a goal toward the potential translation of these results
into the clinic.
To further test the potential antiproliferative eﬀects of
resveratrol we extended our experiments to cancer cells isolated
from the ascites of ﬁve patients with metastatic ovarian cancer
(Fig. 5). The treatment of cells with resveratrol for 48 h resulted
in a signiﬁcant reduction of their viability at concentrations
higher than 25 mM. On the contrary, the eﬀect observed at 25 mM
was modest, only two cellular isolates (AOvC1 and AOvC-3)
responded signiﬁcantly to the treatment. To explain this result we
should take into account that at low concentrations (o50 mM)
resveratrol usually exhibits a cytostatic eﬀect (unpublished data) and
that ascites-derived cells have a slow proliferation rate compared to OVCAR-3. Using low concentrations of resveratrol,
longer times of stimulation are probably required to have a
signiﬁcant impact on cell viability. In addition, to ensure that
the eﬀect of resveratrol on Akt and ERK pathways is not unique
to cell lines, we repeated the experiments described above using
ascites-derived tumor cells. In these cells, resveratrol treatment
provoked a clear decrease in the phosphorylation of Akt and
ERK, conﬁrming our previous observations.
Next, we wondered if resveratrol was able to reduce cell
viability and target Akt phosphorylation of other cancer cell lines
showing diﬀerent origin and genotypes respect to OVCAR-3. We
selected the cancer cell line SKOV-3 (PI3K overexpression,
no p53 expression),22,43 the breast cancer cell line MCF-7

Fig. 4 The anti-tumor eﬀect of resveratrol alone or in combination with
PI3K and ERK inhibitors. OVCAR-3 cells were treated with vehicle
(CTR) or treated with resveratrol (100 mM) and/or LY294002 (10 mM)
and/or UO126 (10 mM) for 24 h. Cell viability was assessed by MTT test.
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Fig. 5 Cytotoxic eﬀects of resveratrol on ascites-derived cancer cell lines as measured by the MTT viability test. (a) Ascites-Ovarian Cancer
(AOvC) cells were isolated from ﬁve patients with ovarian cancer and treated with diﬀerent concentration of resveratrol for 48 h. (b) Whole protein
extracts of AOvC-1 and AOvC-4 cells were obtained as described above after treatment with resveratrol at the concentration of 100 mm for 30 min.
Western blot analysis showed that resveratrol reduces the phosphorylation status of Akt serine 473 and ERK at threonine 202 and tyrosine 204
compared with untreated control cells. Stripped membranes were reprobed with an antibody anti-Akt to monitor diﬀerences in protein loading.

(no caspase 3 and 10 expression),44 the neuroblastoma cell lines
IMR-32 and SH-SY5Y (no caspase 8 expression),45 the osteosarcoma cell lines SAOS2 (no p53 expression, no functional form
of pRB)46,47 and MG-63 (no p53 expression)48 and the cervical
cancer cell line HeLa (p53 protein product is HPV-inactivated).49
As shown in Fig. 6, all these cancer cell lines respond to
resveratrol treatment in a time- and concentration-dependent
manner and down-regulate the levels of pAkt Ser473. The
response to resveratrol was similar among the diﬀerent cell lines
with neuroblastoma cells more sensitive at higher concentrations.
In addition, proliferation response is not associated in vitro with
basal levels of pAkt Ser473; in fact, SKOV-3 cells, which have high
basal levels, respond in a manner similar to that of other cell lines
with low levels (Fig. 6). This result suggests that basal phospho-Akt
levels are not useful to predict the response to resveratrol in vitro.
Given that resveratrol targets multiple signalling pathways, this
analysis should be extended to other possible molecular markers or
limited to a panel of cell lines representing a unique disease.
Concerning the role of the other proteins identiﬁed in this
work, an in silico protein network analysis has been performed
using the software Ingenuity software application (IPA). This
tool provides a protein network based on known direct and
indirect interactions described in the literature. This analysis
revealed that c-Myc and p-53 as central hubs, supporting the
possible involvement of these two proteins in the resveratrol network (ESI Fig. 1aw). In the second network (indirect interactions),
again the role of c-myc seems to be central and interconnected with
many of the identiﬁed proteins (ESI Fig 1bw). Subsequent studies
will be undertaken to validate these networks.

Conclusion
In the present study, we described the antiproliferative action
of resveratrol in the cancer cell line OVCAR-3. Resveratrol
This journal is
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acts in a dose- and time-dependent manner to reduce cell
viability, and phalloidin-FITC staining also revealed that
these eﬀects are associated with profound modiﬁcations in
the actin cytoskeleton organization. Using a proteomic approach
we identiﬁed some diﬀerentially expressed proteins including cyclin
D1 for which we described a possible mechanism of regulation. On
the basis of the results described above, and considering previously
published data,28–31 the resveratrol-induced down-regulation of the
Akt pathway and activation of GSK-3b appear to be responsible
for cyclin D1 phosphorylation and degradation. For these reasons,
the antiproliferative eﬀect of resveratrol can be mainly identiﬁed
with the ability of this molecule to modulate Akt pathway. This
observation is consistent with the reduction in the phosphorylation
of Akt observed after resveratrol treatment in osteosarcoma,
neuroblastoma and cervical cancer cell lines.
Furthermore, another important observation of this study is that
resveratrol showed pleiotropic eﬀects in OVCAR-3 cells. In fact,
together with the ability to modulate Akt/GSK/mTOR, resveratrol
inhibits another kinase, ERK 1/2. Although not directly involved
in the degradation of cyclin D1,30 ERK 1/2 kinase is a downstream
component of a pathway involved in the regulation of cell
proliferation and survival. Resveratrol markedly and rapidly
reduced both Akt/GSK and ERK phosphorylation in a dose
dependent manner. The eﬀect of resveratrol on these proteins
was evident already after 30 s of treatment (data not shown).
The mechanism by which resveratrol decreases the phosphorylation of these two kinases remains an open issue. In fact, is
still not clear if the regulation is through a common upstream
activator or occurs independently. This aspect regards principally
the understanding of the incomplete and complex relationship
between the Akt/GSK and ERK pathways and it is beyond the
aim of this work.
The inhibition of multiple, rather a single, pathways represents
an approach largely investigated in cancer therapy and a more
Mol. BioSyst., 2012, 8, 1078–1087
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Fig. 6 Resveratrol suppresses the proliferation of several human cancer cell lines targeting the Akt pathway. Resveratrol aﬀects cell viability in
several human cancer cell lines as assessed by MTT test (left). The antiproliferative eﬀect of resveratrol on the cell line SAOS-2 was comparable to
that of MG-63 and is not shown here. Whole protein extracts of HeLa, IMR32, MCF-7 and SKOV-3 cells were obtained as described above after
treatment with resveratrol at a concentration of 100 mm for 30 min. Western blotting analysis showed that resveratrol reduces the phosphorylation
status of Akt serine 473 compared with untreated control cells (right).

eﬀective means to induce cancer death.50 For this reason,
resveratrol is likely to be used in association with drugs that
target Akt, ERK or other signalling cascades. Here, we showed
that the enhanced anti-proliferative eﬀects of resveratrol in
association with LY29004 and UO126 proved the possibility of
these combinations. Future works are warranted to explore the
combination of resveratrol with traditional chemotherapeutics
such as paclitaxel.
Disclosing the molecular targets of phytochemicals action is
probably the ﬁrst step towards their potential clinic application.
However, assessing the impact of such chemicals is diﬃcult,
considering that in many cases their mechanism of action is
cell-type speciﬁc, with transformed cells being particularly sensitive.
Furthermore, epidemiological data are often confounding,
supporting or not the chemopreventive eﬀects of chemicals
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found in food. For example, a large meta-analysis recently
reported the lack of association between wine consumption
and risk of ovarian cancer. In addition, in vivo indications still
lack about the therapeutic use of such chemicals, in particular
resveratrol, in cancer patients.51 Data coming from the literature
that report a possible combination of resveratrol with drugs
currently used from the treatment of ovarian cancer52 should
encourage possible clinical trials.
Another observation regards the proteomic approach used
in this work. It becomes clear that only a few proteins were
identiﬁed by 2-DE as diﬀerentially expressed after resveratrol
treatment. The explanation can be found in the cellular
response to resveratrol that involves the modulation of
proteins at the post-transcriptional level rather than at the
expression level.
This journal is
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To resolve this problem we are planning on focusing our
attention only to the fraction of phosphorylated proteins
adopting for their identiﬁcation mass spectrometry based
techniques.

Acknowledgements

Downloaded by Univ Lille 1 on 11 December 2012
Published on 10 January 2012 on http://pubs.rsc.org | doi:10.1039/C2MB05486H

This work was supported by the PS105 ARTI strategic project
‘‘Development and realization of bio-chip for molecular diagnostic
and typization of human pathogenic viruses (HPV, HCV)’’ of
Apulia Region and by a contribution of ‘‘ANGELA SERRA’’
Foundation for Cancer Research, Parabita (Lecce), Italy.

References
1 A. Jemal, F. Bray, M. M. Center, J. Ferlay, E. Ward and
D. Forman, Ca-Cancer J. Clin., 2011, 61, 69–90.
2 A. Jemal, R. Siegel, J. Xu and E. Ward, Ca-Cancer J. Clin., 2010,
60, 277–300.
3 T. A. Yap, C. P. Carden and S. B. Kaye, Nat. Rev. Cancer, 2009, 9,
167–181.
4 R. C. Bast Jr, B. Hennessy and G. B. Mills, Nat. Rev. Cancer, 2009,
9, 415–428.
5 M. S. Donaldson, Nutr. J., 2004, 20, 19.
6 J. A. Milner, Cancer Lett., 2008, 269, 189–198.
7 C. S. Yang, J. M. Landau, M. T. Huang and H. L. Newmark,
Annu. Rev. Nutr., 2001, 21, 381–406.
8 Y. J. Surh, Nat. Rev. Cancer, 2003, 3, 768–780.
9 B. B. Aggarwal and S. Shishodia, Biochem. Pharmacol., 2006, 71,
1397–1421.
10 S. Fulda and K. M. Debatin, Oncogene, 2004, 23, 6702–6711.
11 R. H. Liu, J. Nutr., 2004, 134, 3479S–3485S.
12 D. Vergara, M. C. Valente, A. Tinelli, C. Siciliano, V. Lorusso,
R. Acierno, G. Giovinazzo, A. Santino, C. Storelli and M. Maﬃa,
Cancer Lett., 2011, 310, 1–8.
13 S. Ramos, Mol. Nutr. Food Res., 2008, 52, 507–526.
14 A. W. Opipari Jr, L. Tan, A. E. Boitano, D. R. Sorenson,
A. Aurora and J. R. Liu, Cancer Res., 2004, 64, 696–703.
15 A. Tyagi, R. P. Singh, C. Agarwal, S. Siriwardana, R. A. Sclafani
and R. Agarwal, Carcinogenesis, 2005, 26, 1978–1987.
16 M. H. Lee, B. Y. Choi, J. K. Kundu, Y. K. Shin, H. K. Na and
Y. J. Surh, Cancer Res., 2009, 69, 7449–7458.
17 C. Lin, D. R. Crawford, S. Lin, J. Hwang, A. Sebuyira, R. Meng,
J. E. Westfall, H. Y. Tang, S. Lin, P. Y. Yu, P. J. Davis and
H. Y. Lin, Carcinogenesis, 2011, 32, 19–26.
18 Z. Cao, J. Fang, C. Xia, X. Shi and B. H. Jiang, Clin. Cancer Res.,
2004, 10, 5253–5263.
19 T. G. Shepherd, B. L. Thériault, E. J. Campbell and
M. W. Nachtigal, Nat. Protoc., 2006, 1, 2643–2649.
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