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Abstract
Purpose To investigate resveratrol (RSV) as a calorie
restriction (CR) mimetic potentiator of platinum-based cancer
drugs.
Methods In ovarian carcinoma cell lines, the potentiating
eVects of RSV were assessed in sulforhodamine B-based
growth assays and clonogenic assays. Flow cytometry was
used to detect cell cycle eVects, siRNA transfections for
determining the involvement of SIRT1, and Western blotting
for the assessment of altered protein expression and of
autophagy. Intracellular ATP levels were detected with a
commercial kit.
Results Single-dose RSV co-treatment with cisplatin or
carboplatin at ineYciently low doses had the clinically
interesting eVect of preventing regrowth of cancer cells after
drug withdrawal. Of three cell lines tested, metastatic cells
with low bioenergetic cellular index (i.e., more glycolytic)
were particularly sensitive to combination treatment leading
to PUMA induction, acute apoptosis, and autophagy. How-
ever, inhibition of regrowth and complete loss of clonogenic-
ity was seen also without these events, in other cells. The

underlying mechanism(s) was independent of eVects reported
to underlie the CR-mimetic cancer-preventive potential of
RSV. Thus, SIRT1, estrogen receptors, AMPK activation or
upregulation of mitobiogenesis, �-F1-ATPase or PTEN were
not involved, and ATP levels did not decrease.
Conclusions RSV is an excellent candidate for potentia-
tion of platinum treatment, rather than a cancer therapeutic
drug in its own right. While SIRT1-dependent and lifespan-
promoting eVects of RSV are well-documented and may
dominate in normal cells, the observed potentiation of plat-
inum drugs does not require these mechanisms. We suggest
that the responses of cancer cells to RSV diVer greatly from
those of normal cells.
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Introduction

Tumor progression is now known to correlate with exten-
sive alterations in energy metabolism, notably downregula-
tion of mitochondrial production of ATP, i.e., oxidative
phosphorylation (OxPhos) and the mitochondrial �-F0F1-
ATPase, and increased aerobic glycolysis. Accordingly,
mitochondrial downregulation selects for an aggressive and
resistant phenotype [28]. Moreover, low OxPhos activity
and low mitochondrial density contribute to chemoresis-
tance by failing to provide reactive oxygen species in
response to cancer drugs including cisplatin [18, 27, 30]. A
bioenergetic protein signature (BEC index), involving
expression of the �-ATPase F1 subunit correlates with prog-
nosis in several carcinomas [9, 13]. Increased glycolysis
helps meet tumor cell demands not only for ATP but also
reducing equivalents, fatty acid, purine, and amino acid
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syntheses to support increased macromolecule synthesis
and proliferation [29, 31]. This scenario of altered energy
metabolism has prompted strategies for restoration of mito-
chondrial function and/or inhibition of glycolysis to
improve cancer treatment.

Resveratrol (RSV) is a polyphenol with phytoestrogen
features that attracts considerable interest as a chemopre-
ventive, longevity-promoting and now also as an anticancer
drug [5]. Its chemopreventive properties are ascribed to
eVects similar to those of calorie restriction (CR). RSV is
frequently used as an activator of the protein deacetylase
SIRT1, a NAD+-dependent metabolic sensor which acti-
vates PGC-1�, a major upregulator of mitochondrial bio-
genesis [33], suggesting that this mechanism at least
partially explains the pro-mitochondrial and pro-longevity
eVects of RSV [10, 16]. Pro-longevity in normal cells is
moreover supported by SIRT1-mediated autophagy, as
shown with RSV and other drugs [5, 23, 24, 26]. It is
unclear, however, whether SIRT1 has diVerent roles in
normal and cancer cells, and whether it has oncogenic or
tumor-suppressive functions [7]. Similarly, the role of
autophagy is complex and can serve both a tumor-suppres-
sive and a pro-survival function in tumor cells under meta-
bolic stress [35]. Suppression rather than stimulation of
autophagy could thus be a cancer therapeutic strategy [35].
Other eVects of RSV with relevance for anticancer treat-
ment have been reported, e.g., the upregulation of PTEN
and inhibition of AKT [1, 4, 34] increased p53 activity [1],
but paradoxically also inhibition of the �-ATPase [11].
Altogether, it remains unclear which eVects are important
for the cancer therapeutic eVects of RSV and which for its
cancer-preventive eVects.

We showed earlier that 2-deoxyglucose, an inhibitor of
glycolysis, potentiates platinum treatment in ovarian cancer
cell lines and in ascitic tumor cells, and that potentiation
correlated with a glycolytic phenotype and low levels of �-
F1-ATPase [12]. The present work was prompted by RSV-
mediated inhibition of glycolysis [15] and upregulation of
mitochondrial function [16], both suggesting that RSV
should potentiate platinum drugs.

Epithelial ovarian carcinoma (EOC) is the Wfth leading
cause of cancer death in women After debulking surgery,
platinum drugs (cisplatin or carboplatin) combined with a
taxane are administered. However, relapse to disseminated
and platinum-resistant disease is common, and the 5-year
survival for EOC is only 40–45% [17].

We found that RSV co-treatment with low-dose cisplatin
or carboplatin has the clinically interesting eVect of potently
preventing post-treatment regrowth of EOC cells even after
drug withdrawal. We then focused on determining whether
the observed RSV eVects involve its CR-mimetic features.
The role of SIRT1 was particularly addressed using siRNA-
mediated downregulation.

Materials and methods

Cell culture, drug treatment, and assays

The epithelial ovarian carcinoma cell lines A2780, SKOV-
3, and CaOv-4 were cultured in RPMI1640 medium
(11 mM glucose) supplemented with 10% fetal calf serum,
1% penicillin–streptomycin, and 2 mM L-glutamine (all
from Nordic Biolabs AB, Täby, Sweden) and were kept at
+37°C in 5% CO2. For experiments, cells were seeded in
microplates, and after overnight incubation, they were
treated with freshly diluted cisplatin or carboplatin (Plati-
nol®, Bristol-Myers-Squibb, and Karolinska Hospital Phar-
macy, respectively), or resveratrol (Sigma–Aldrich Sweden
AB, Stockholm, Sweden) or combinations thereof. The
half-maximal inhibitory concentrations (IC50) for each drug
and post-treatment regrowth were based on quantiWcation
of total cellular protein in controls and treated samples
using the sulforhodamine B (SRB)-based TOX6 kit
(Sigma–Aldrich Sweden AB). To determine post-treatment
regrowth, cells were treated for 48 h, whereafter they were
allowed to recuperate in drug-free medium for 72 h. Results
at 48 h and 48 + 72 h were calculated as fold increase in
SRB absorbance from t = 0 h. For clonogenic assays after
48 h treatment, cells were seeded in 9-cm dishes (600 per
dish) and cultured in drug-free medium for 2–3 weeks, with
media changes every 3rd day. Colonies were stained with
Coomassie Blue. Other drugs used were LY294002, 2-
deoxyglucose, and metformin (all from Sigma–Aldrich
Sweden AB). ATP levels were detected using ATP Colori-
metric Assay Kit from BioVision (Labinova AB, Upplands
Väsby, Sweden), according to manufacturer�s instructions.

Western blotting

Whole-cell lysates were made in lysis buVer (150 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate (SDS), 50 mM Tris HCl). Protease and
phosphatase inhibitor cocktails (P2714 and P5726; Sigma–
Aldrich) were added freshly. For LC3 analyses, cells were
treated with pepstatin A and protease inhibitor cocktail con-
taining E64a in order to prevent degradation of LC3-II [22].
Samples were loaded for gel electrophoresis at 20–30 �g/
sample, and after electrophoresis, they were blotted onto
PVDF membranes. Transfer was conWrmed using Ponceau
S staining. Membranes were blocked for 1 h in 5% milk/
PBS-Tween or 3% BSA/TBS-Tween. All antibodies were
diluted in blocking agent. Membranes were incubated over-
night at +4°C with rabbit primary antibodies to: ATP5B
(Atlas Antibodies AB, Stockholm, Sweden, 1:1,000), Hsp60,
GAPDH (both from Abcam, Cambridge, UK, 1:4,000),
SIRT1 (Sigma-Aldrich, 1:400), phospho-AMPK (1:2,000),
AMPK (1:1,000), PTEN (1:500), LC3B (1:1,000), PUMA
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(1:1,000) (all from Cell Signaling Technology, InVitro
Sweden AB, Stockholm, Sweden), BAX (Becton–Dickin-
son AB, Stockholm, Sweden 1:1,000), or mouse primary
antibody to p53 (1:1,000; Santa Cruz Biotechnology Inc.,
Heidelberg, Germany), and then for 1 h at room tempera-
ture with HRP-conjugated anti-rabbit (1:2,500) or anti-
mouse IgG (1:2,000)(both from Abcam). For detection of
phospho-AMPK, a positive control from Cell Signaling
Technology was used. Probes were developed with West-
ern Lightning Plus-ECL (PerkinElmer, Upplands Väsby,
Sweden). Images were captured using FUJI LAS-1000 or
Kodak M35 X-omat processor.

Flow cytometry

For cell cycle analyses, cells were treated for 48 h, har-
vested and Wxed in 70% ethanol for 24 h (¡20°C), resus-
pended in PBS containing sodium citrate (1 mg/ml), NP-40
(0.3%), propidium iodide (20 �g/ml; all from Sigma–Ald-
rich), and RNase A (100 �g/ml, Fermentas AB, Sweden),
and incubated for 1 h at room temperature. For analysis of
cell death, harvested cells were incubated for 10 min with
annexin-V FLUOS (Roche Molecular Biochemicals) and
propidium iodide (Sigma–Aldrich) in incubation buVer
(10 mM HEPES/NaOH pH7.4, 140 mM NaCl, 5 mM
CaCl2). For both types of analysis, 10,000 events/samples
were analyzed using a FACS-Calibur Xow cytometer and
CellQuest software (BD Biosciences).

siRNA transfection

A2780 cells at 60% conXuence were transfected with
siRNA speciWc for SIRT1 (Invitrogen Ltd, Paisley, U.K.),
or with manufacturer�s negative control (scrambled siRNA), or
mock transfected, for 5 h using Lipofectamine-2000 in
OptiMEM Reduced Serum Medium (Invitrogen AB) as
recommended by the manufacturer. After incubation in

antibiotic-free medium for 48 h, cells were reseeded for
SRB proliferation assays. SIRT1 protein was evaluated by
Western blotting.

Results

DiVerential cell cycle and cell death responses to RSV 
and cisplatin in EOC cell lines

The cell lines used here represent diVerent stages of EOC
and p53 backgrounds (Table 1). For each one, the growth-
inhibitory concentrations (IC50) over 72 h of RSV, cis-
platin, and carboplatin were determined. RSV IC50�s were
found not to diVer greatly (Table 1). Within 48 h, 40 �M
RSV had induced robust S-phase accumulation in both
A2780 and CaOv-4 cells, although CaOv-4 cells lacked the
G1 peak seen in A2780 (Fig. 1a). In CaOv-4, RSV led to
46% cell death (6.5-fold background), while A2780
showed no or little cell death. p53-null SKOV-3 cells
showed an intermediate response (Fig. 1b). At 24 h, 20 �M
RSV had induced 2-fold cell death only in CaOv-4 cells
(not shown).

CaOv-4 cells were the most platinum-resistant (Table 1)
and showed more G2/M arrest in response to 2 �M cisplatin
(Fig. 1a). With combined RSV + cisplatin, S-phase arrest
dominated in both A2780 and CaOv-4 (Fig. 1a).

RSV co-treatment prevents post-treatment regrowth

Apoptosis (cell death) was investigated as induced by 2 �M
cisplatin (0.5 £ IC50 in A2780 and SKOV-3, and 0.2 £
IC50 in CaOv-4), 40 �M RSV, and combinations thereof. In
all cell lines, combination treatment did not increase apop-
tosis compared with either cisplatin or RSV alone (Fig. 1b).
However, while 48 h is suYcient for acute apoptosis to
develop, it is not always enough to allow development of

Table 1 Cell line features and IC50:s

The IC50 values are based on SRB assays after 72 h incubation. Each value is the average of IC50:s from at least two separate experiments. ND no
data

Mock- and siRNA-transfected A2780 cells were seeded at 36 h post-transfection. Knockdown eYciencies are shown in Fig. 4a

* Mutation V147D [36]; this is not a hot spot mutation

A2780 SKOV-3 CaOv-4

Wt-p53. Untreated primary tumor p53-deWcient. 
From ascites

Mutant p53* 
Fallopian tube 
metastasisMock

transfected
SIRT1
siRNA

Cisplatin (�M) 4 3 3 4 9

Carboplatin (�M) 52 45 45 50 170

RSV (�M) 38 33 28 54 37

RSV (�M) in the absence of glucose 36 ND ND 55 34
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eVects involving DNA damage, metabolic stress, and
autophagy. Therefore, and because post-treatment
regrowth of surviving cells is a major clinical problem,
we investigated the eVects of RSV on post-platinum
regrowth capacity. After 48 h with platinum, RSV, or
combinations thereof, cells were allowed to recuperate
in drug-free medium over 3 days. This protocol con-
Wrmed that low-dose platinum (2 �M cisplatin; 16 �M
carboplatin corresponding to 0.3 £ IC50 in A2780 and
SKOV-3, and 0.1 £ IC50 in CaOv-4) was ineVective and
allowed rapid regrowth of surviving cells (Fig. 2a–c).
Secondly, it demonstrated the reversibility of RSV
action, and, thirdly, that combination-treated cells could
not resume growth (Fig. 2a–c).

Clonogenic assays showed that 48 h combination
treatment completely prevented regrowth also in A2780
cells (Fig. 2d, and Supplementary material). Note the
selection for large and fast-growing colonies in the cis-
platin-treated sample and the lack of survivors in the
combination treatment (Fig. 2d). Regrowth was simi-
larly inhibited in CaOv-4 cells treated with cisplatin or
carboplatin in combination with RSV even at 20 �M
(Supplementary material).

The data demonstrate that a single co-treatment with
RSV potentiates the long-term eVects of cisplatin and carbo-
platin at ineYciently low doses. Moreover, although

Fig. 1 Cell cycle and cell death responses to RSV. a Cell cycle anal-
yses of A2780 and CaOv-4 cells at 48 h after addition of cisplatin
(cisp., 2 �M), RSV (40 �M), or the combination (comb.) thereof.
b AnnexinV-PI analysis of cell death in three EOC cell lines treated as
indicated for 48 h. For each treatment, the entire bar represents the to-
tal percentage of dying cells, i.e., cells in all quadrants of the Xow
cytometry dot plot except the lower left. In each bar, the gray section
indicates percent primary apoptosis, i.e., %cells in the lower right (LR)
quadrant. The SEM of each value is indicated
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�

acute apoptosis may be involved, it is not required for
the prevention of regrowth, as exempliWed by A2780
cells.

RSV treatment does not aVect SIRT1, �-F1-ATPase, 
Hsp60, or PTEN expression or respiration

RSV is often used as a SIRT1 activator, and SIRT1
promotes mitochondrial biogenesis. Baseline and RSV-
induced expression of SIRT1 and mitochondrial proteins �-
F1-ATPase and Hsp60 were therefore investigated.
Baseline SIRT1 was high in A2780 and low in CaOv-4
(Fig. 3a), i.e., low in the cells with the highest cell death
response to RSV. At 24 h, 20–40 �M RSV had not altered
expression of any of the three proteins (Fig. 3a, b). Further-
more, although both SIRT1 and �-F1-ATPase were highest
in A2780, there was no correlation in the other two cell
lines (Fig. 3b). Altogether, this shows that SIRT1 levels do
not correlate with RSV sensitivity and that RSV does not
increase mitobiogenesis.

Assessment of Hsp60 allowed estimation of a relative
BEC index or ratio of �-F1-ATPase/Hsp60. A low ratio
reXects a more glycolytic (progressed) phenotype [9,
13]. CaOv-4 cells had the lowest BEC index and A2780
the highest (Fig. 3b), possibly reXecting that CaOv-4
originate from a metastasis while A2780 are from a pri-
mary tumor and show a diVerentiation marker expres-
sion proWle that is closer to that of the normal ovarian
surface epithelium (manuscript in preparation). Glycoly-
sis promotes pro-survival signaling via AKT [20]. RSV
is reported to block AKT signaling in breast carcinoma
cells by inducing PTEN expression [34]. Here, RSV had
no eVect on PTEN levels (Fig. 3b). The presence or
absence of glucose did not aVect RSV IC50’s (Table 1),
showing that glycolysis/glucose uptake is not protective.
Finally, if RSV potentiates platinum by inhibiting AKT
signaling, the PI3K inhibitor LY294002 should have a
similar eVect as RSV. However, the post-platinum
regrowth of CaOv-4 cells was unaVected by 50 �M
LY294002 (Fig. 3c). Neither was regrowth aVected by
LY294002 at 10 �M and present throughout the entire
120 h (not shown).

If �-F1-ATPase is inhibited, this should aVect respira-
tion. A2780 cells showed similar levels of respiration states
in control and combination-treated cells. Samples of combi-
nation-treated CaOv-4 cells contained both viable and
dying cells but showed identical respiration as in control
cells (Supplementary material). We conclude that respira-
tion eVects are not involved in the potentiating eVect of
RSV.

SIRT1 is not required for RSV potentiation of platinum

SIRT1 expression in A2780 cells was knocked down
using siRNA transfection. SIRT1 knockdown persisted
for up to 6 days. Only successfully transfected cells
were used in subsequent experiments (Fig. 4a). Com-
pared with mock transfected, SIRT1-siRNA-transfected
cells had a slightly lower IC50 for RSV (Table 1).
In regrowth assays, knockdown cells were slightly
more sensitive than mock transfected to combination

Fig. 2 Prevention of post-platinum regrowth by RSV. Cells were
incubated with drugs for 48 h, and post-incubated in drug-free medium
for another 72 h, represented by the gray bar in each graph. Growth in-
dex is based on the SRB assay. Pt platinum, cisplatin, or carboplatin as
indicated. SEM’s of quadruplicate samples were smaller than the sym-
bols used. The experiments were repeated at least twice with similar
results. a A2780; b SKOV-3; c CaOv-4. d Clonogenic regrowth in
A2780 cells. After 48 h treatments, cells were reseeded at 600 cells/9-
cm dish and incubated in drug-free medium until visible colonies had
formed, or approximately 2 weeks, and were stained with Coomassie
Blue

Fig. 3 No eVect of RSV on SIRT1, �-F1-ATPase, Hsp60 or PTEN
expression. a, b Western blots after 24 h incubation with indicated
concentrations of RSV. c To see if PI3K inhibitor LY294002 (LY;
50 �M) prevents post-platinum outgrowth, CaOv-4 cells were incu-
bated as indicated by symbols for 48 h and were then allowed to recu-
perate in drug-free medium for another 72 h, represented by the light
gray bar in each graph. SEM’s of the quadruplicates were too small to
be shown
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treatments (Fig. 4b). SIRT1-siRNA did not aVect �-F1-
ATPase expression (Fig. 4c). We conclude that the
observed eVects of RSV do not depend on SIRT1.

RSV does not induce energy–stress

RSV is reported to inhibit glycolysis [15]. Using the same
protocol as in Fig. 2, we have reported that the glycolysis
inhibitor 2-deoxyglucose (2-DG) prevents post-platinum
regrowth in CaOv-4 cells [12]. Here, we observed a major
net loss of CaOv-4 cells treated with RSV + cisplatin
(Fig. 2) that was not seen with 2-DG + cisplatin [12]. That
the two drugs diVer with respect to energy metabolism was
conWrmed by assessment of intracellular ATP: while 2-DG
led to decreased ATP, RSV increased it in both A2780 and
CaOv-4 cells (Fig. 5a). In line with no ATP deWcit in RSV-
treated cells, RSV did not induce AMPK phosphorylation
(Fig. 5b). Supported by observations that RSV did not
aVect expression of the glucose transporter GLUT1 nor
extracellular acidiWcation (not shown), the results demon-
strate that the eVect and mechanism of RSV are highly dis-
similar to those of 2-DG and do not involve glycolysis
inhibition and/or decreased ATP or AMPK activation.

Metformin is a diabetes drug which, similar to RSV and
2-DG, is a CR mimetic and has anti-tumoral eVects
believed to involve AMPK activation [21]. Unlike RSV,
metformin was highly cytotoxic to CaOv-4 cells in the
absence of glucose (Fig. 5c). We conclude that the eVect
and mechanism of RSV are dissimilar also to those of met-
formin.

To assess autophagy in the setting of regrowth assays,
lysates were prepared after 48 h of treatment and after
48 + 24 h in drug-free medium. Autophagy was then
assessed as induction of the LC3 protein and its processed
form, the autophagosome marker LC3-II (Fig. 5d).
Untreated A2780 cells had high-level background autophagy
compared with CaOv-4, and RSV or combination treatment
did not further increase it. In CaOv-4 cells, RSV induced
LC3-II; interestingly, cisplatin also led to post-treatment
induction of LC3-II. In sum, an autophagic response was
induced by cisplatin, RSV, and the combination in CaOv-4
but not in A2780 cells.

RSV induces p53 and PUMA, but not Bax, in sensitive 
cells

Having excluded several metabolism-related targets of
RSV to explain the observed eVects, we then examined
apoptosis regulation via p53, Bax, and PUMA. While Bcl-2
levels were not altered by RSV in any cell line (not shown),
p53 was induced in A2780 and CaOv-4 (Fig. 5e). p53 is
mutated in CaOv-4, albeit not at a “hot spot site” [36],
while SKOV-3 is p53-deWcient. Bax was high in A2780
cells (Fig. 5e), despite low baseline apoptosis (Fig. 1a),
suggesting they are resistant to Bax-mediated apoptosis.
Moreover, RSV treatment led to loss of PUMA protein in
A2780 (Fig. 5f), which likely contributes to lack of acute

Fig. 4 EVects of SIRT1-siRNA transfection. a A2780 were transfec-
ted with SIRT1-siRNA as described and resulting SIRT1 expression
was assessed by Western blot. Left lane 1 non-transfected control (C),
lane 2 scrambled siRNA (scr), lane 3 mock transfected, lane 4 50 nmol
siRNA, 3 days post-transfection, lane 5–6 75 nmol siRNA, 3 and
6 days post-transfection. Right 3 days post-transfection 75 nmol, lanes
1–2 transfection A, transfected and mock transfected, lanes 3–4 trans-
fection B, transfected and mock transfected. Transfections A and B
both yielded results on IC50 (Table 1) and post-treatment regrowth
(Fig. 4b). b Mock- and siRNA-transfected cells were subjected to re-
growth assays as in Fig. 2. Shown here are results at 120 h, expressed
as % of untreated control. Top regrowth after cisplatin (cisp, 2 �M),
bottom regrowth after carboplatin (carbo; 16 �M). c Lysates from
transfection A were analyzed for the expression of �-F1-ATPase. Lane
1 non-transfected, lane 2 scrambled siRNA, lane 3, mock transfected,
lane 4 50 nmol siRNA, 3 days post-transfection, lane 5–6: 75 nmol
siRNA, 3 and 6 days post-transfection
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apoptosis in these cells. In sensitive CaOv-4 cells, PUMA
but not Bax was induced (Fig. 5e, f).

Discussion

Whether due to resistant subpopulations or insuYcient con-
centrations of chemotherapeutic drugs, post-treatment

regrowth of tumor cells remains a major clinical problem.
Nevertheless, such regrowth is an aspect that is frequently
overlooked in experimental studies.

We show here that combining resveratrol (RSV) and
low-dose platinum (Pt; cisplatin or carboplatin) prevented
drug-free regrowth and indeed induced irreversible growth
inhibition and loss of clonogenicity. By contrast, cells
treated with Pt or RSV per se readily resumed growth in
drug-free medium. Combination-induced growth ablation
was seen both in A2780 cells that did not undergo acute
apoptosis, and in platinum-resistant, metastatic, and glyco-
lytic CaOv-4 cells in which RSV did induce apoptosis. It is
of general interest for the planning and interpretation of
similar in vitro studies that the total antiproliferative eVect
takes longer than 48 h to become manifest, and had we per-
formed only apoptosis assays only at this timepoint, we
would not have noted the potential of platinum–RSV com-
binations. Importantly, the clinical implications are inter-
esting not only because of the long-term single-dose
potentiation but because platinum could be used at such
low doses that they per se were not antiproliferative.

Initially, we hypothesized that the altered energy metab-
olism of cancer cells—notably increased glycolysis and
mitochondrial alterations—provides a basis for the
observed anticancer eVects of RSV. We focused on three
target areas pertaining to metabolism: the deacetylase
SIRT1 reported to mediate RSV eVects on life-span, metab-
olism, and mitochondrial biogenesis [8, 16]; mitochondrial
markers and �-F1-ATPase expression as indicators of meta-
bolic phenotype and progression [9, 13, 18, 19, 28], and of
the autophagic response known as mitophagy, and also on
�-F1-ATPase as a known target of RSV, at least in vitro
[11]; thirdly, on glycolysis, ATP levels and AMPK as read-
outs of energy–stress such as induced by CR mimetics.

RSV is extensively used as a SIRT1 activator. Here,
higher basal levels of SIRT1 in A2780 than in CaOv-4

a

b c

d 

e

f

Fig. 5 EVects on energy metabolism and apoptosis. a Intracellular
ATP in A2780 (black) and CaOv-4 (white) cells was assessed in qua-
druplicates at 2 and 16 h of treatments with cisplatin (cispl; 2 �M) and
RSV (40 �M). 2-deoxyglucose (DG; 5 mM) was used as a control for
glycolysis inhibition (P < 0.001). The RSV-induced increase at 16 h
was signiWcant (P < 0.05). Similar results were obtained in another
experiment. b Phospho- and total AMPK in A2780 and CaOv-4 cells
after indicated treatments with RSV. As with all lysates in this work,
they were made in the presence of phosphatase inhibitors. 30 �g pro-
tein was loaded per lane. The experiment was repeated three times. PC
positive control lysate. c Viability of CaOv-4 after 72 h in RSV
(40 �M) or metformin (metf; 20 mM) in the presence (black) or ab-
sence of glucose (gray). d Western blots of LC3 and the autophagy
marker LC3-II in A2780 and CaOv-4 cells after treatments with RSV
(40 �M) § cisplatin (2 �M). Controls at 24 h are from the same mem-
brane as the subsequent samples; the intervening sample was irrele-
vant. The experiment was repeated with similar results. e p53 and Bax
expression after 24 h in 20–40 �M RSV. f PUMA expression after
24 h in 20–40 �M RSV

�
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immediately suggested that SIRT1 is not the target in our
experimental system. This was conWrmed by our siRNA
studies that clearly show that the RSV eVects did not
depend on SIRT1. The putative RSV activation of SIRT1
may indeed be an in vitro artifact [2] and we therefore
examined whether RSV instead upregulates SIRT1 levels.
This was not the case. Moreover, it was recently shown that
RSV at 100 �M actually decreased SIRT1 protein, and that
neither this decrease nor apoptosis induction was prevented
by SIRT1 inhibitors [25].

SIRT1 promotes mitobiogenesis [14], but based on unal-
tered expression of �-F1-ATPase and Hsp60, we could
exclude mitobiogenesis—as well as mitophagy—to explain
increased platinum sensitivity. Estrogen signaling also pro-
motes mitobiogenesis [14], but a phytoestrogenic eVect of
RSV could be excluded, since the cell lines do not express
estrogen receptors ER�/� (PCR and immunochemistry
results, courtesy of Dr. J.Hartman, Karolinska Institute).

RSV has been reported to block glucose uptake over
24 h in ovarian cancer cells [15]. However, this report did
not take into account that RSV-treated cells have arrested to
the same extent that glucose uptake was reduced, while
controls proliferated. Here, we found that RSV increased
rather than decreased ATP, and AMPK was not activated,
suggesting that if RSV did block glucose uptake, this was
compensated for by other fuels. RSV-induced autophagy
has been reported [15, 23, 26]; we also observe induction of
LC3 and the autophagosomal cleavage product LC3-II by
RSV § cisplatin.

RSV did induce p53, a possible response to nutrient
stress, DNA damage, or DNA repair, which have all been
reported for RSV [1]. However, while p53 induction is
associated with G1 arrest, we observed massive S-phase
arrest in line with RSV-mediated inhibition of Cdc25C/
Cdk2 [32] and downregulation of cyclinB [3, 32]. p53-
mediated apoptosis involves upregulation of PUMA and
Bax. In sensitive CaOv-4 cells, RSV induced p53 and
PUMA. In A2780 cells, baseline expression of PUMA and
Bax was high, in line with PUMA-regulated autophagy via
Bax [37]. For unknown reasons, RSV decreased PUMA
levels in these cells, possibly explaining their lack of RSV-
induced apoptosis.

In summary, we have demonstrated a major potentiating
eVect of RSV when combined with low-dose platinum.
This eVect is established within 24–48 h, and may involve,
but does not require, acute apoptosis. The eYciency of the
irreversible mechanism is manifested as the prevention of
tumor cell regrowth. This longer-term aspect of drug eVects
is too often overlooked in preclinical studies that have
tended to focus on acute apoptosis.

The underlying mechanism of RSV was independent of
many eVects reported to underlie in particular its cancer-
preventive potential. Thus, SIRT1, estrogen receptor

signaling, upregulation of mitobiogenesis, �-F1-ATPase,
and PTEN/PI3 K were not involved, and ATP levels and
respiration were not decreased. However, the cancer-pre-
ventive mechanisms of RSV are not necessarily the same as
the cancer therapeutic [6]. While the anti-oxidant, CR-
mimetic pro-autophagic and lifespan-promoting eVects of
RSV are well-documented and dominate in the normal end
of the spectrum, our results underscore that its cytotoxic
eVects on cancer cells need to be further investigated and
that SIRT1 is not a relevant target. With regard to other
reports, it may also be of signiWcance that we use fairly low
concentrations of RSV (20–40 �M, often 50–300 �M in
other studies).

Importantly, we suggest that RSV is an excellent candi-
date for potentiation of platinum treatment, rather than a
cancer therapeutic drug in its own right. Furthermore, we
have used single-dose treatments, while clinical treatment
involves continuous drug administration and thus allows
for lower in vivo concentrations than commonly used in
preclinical studies (for cisplatin, 50 �M or more is often
used). Clinical co-treatment with RSV may therefore have
remarkable potential.

Acknowledgments This study was supported by the Swedish
Cancer Society, Radiumhemmet Research Foundation, Olle Engkvist
Byggmästare and Sigurd and Elsa Golje Foundations. Linnéa Björkl-
und is gratefully acknowledged for photography, and Drs. Theocharis
Panaretakis and Pedram Kharaziha for technical advice.

ConXict of interest None.

References

1. Athar M, Back JH, Kopelovich L, Bickers DR, Kim AL (2009)
Multiple molecular targets of resveratrol: Anti-carcinogenic
mechanisms. Arch Biochem Biophys 486:95–102

2. Beher D, Wu J, Cumine S, Kim KW, Lu SC, Atangan L, Wang M
(2009) Resveratrol is not a direct activator of SIRT1 enzyme activ-
ity. Chem Biol Drug Des 74:619–624

3. Benitez DA, Pozo-Guisado E, Alvarez-Barrientos A, Fernandez-
Salguero PM, Castellon EA (2007) Mechanisms involved in
resveratrol-induced apoptosis and cell cycle arrest in prostate
cancer-derived cell lines. J Androl 28:282–293

4. Benitez DA, Pozo-Guisado E, Clementi M, Castellon E, Fernandez-
Salguero PM (2007) Non-genomic action of resveratrol on andro-
gen and oestrogen receptors in prostate cancer: modulation of the
phosphoinositide 3-kinase pathway. Br J Cancer 96:1595–1604

5. Bishayee A (2009) Cancer prevention and treatment with resvera-
trol: from rodent studies to clinical trials. Cancer Prev Res (Phila
Pa) 2:409–418

6. Brisdelli F, D’Andrea G, Bozzi A (2009) Resveratrol: a natural
polyphenol with multiple chemopreventive properties. Curr Drug
Metab 10:530–546

7. Brooks CL, Gu W (2009) How does SIRT1 aVect metabolism,
senescence and cancer? Nat Rev Cancer 9:123–128

8. Chung S, Yao H, Caito S, Hwang JW, Arunachalam G, Rahman I
(2010) Regulation of SIRT1 in cellular functions: Role of polyphe-
nols. Arch Biochem Biophys
123



Cancer Chemother Pharmacol (2011) 68:1459–1467 1467
9. Cuezva JM, Krajewska M, de Heredia ML, Krajewski S, Santam-
aria G, Kim H, Zapata JM, Marusawa H, Chamorro M, Reed JC
(2002) The bioenergetic signature of cancer: a marker of tumor
progression. Cancer Res 62:6674–6681

10. Fulda S, Galluzzi L, Kroemer G (2010) Targeting mitochondria
for cancer therapy. Nat Rev Drug Discov 9:447–464

11. Gledhill JR, Montgomery MG, Leslie AG, Walker JE (2007)
Mechanism of inhibition of bovine F1-ATPase by resveratrol and
related polyphenols. Proc Natl Acad Sci USA 104:13632–13637

12. Hernlund E, Hjerpe E, Avall-Lundqvist E, Shoshan M (2009)
Ovarian carcinoma cells with low levels of beta-F1-ATPase are
sensitive to combined platinum and 2-deoxy-D-glucose treatment.
Mol Cancer Ther 8:1916–1923

13. Isidoro A, Martinez M, Fernandez PL, Ortega AD, Santamaria G,
Chamorro M, Reed JC, Cuezva JM (2004) Alteration of the bioen-
ergetic phenotype of mitochondria is a hallmark of breast, gastric,
lung and oesophageal cancer. Biochem J 378:17–20

14. Klinge CM (2008) Estrogenic control of mitochondrial function
and biogenesis. J Cell Biochem 105:1342–1351

15. Kueck A, Opipari AW Jr, GriYth KA, Tan L, Choi M, Huang J,
Wahl H, Liu JR (2007) Resveratrol inhibits glucose metabolism in
human ovarian cancer cells. Gynecol Oncol 107:450–457

16. Lagouge M, Argmann C, Gerhart-Hines Z, Meziane H, Lerin C,
Daussin F, Messadeq N, Milne J, Lambert P, Elliott P, Geny B, La-
akso M, Puigserver P, Auwerx J (2006) Resveratrol improves
mitochondrial function and protects against metabolic disease by
activating SIRT1 and PGC-1alpha. Cell 127:1109–1122

17. Landen CN Jr, Birrer MJ, Sood AK (2008) Early events in the
pathogenesis of epithelial ovarian cancer. J Clin Oncol 26:995–
1005

18. Lin CS, Wang LS, Tsai CM, Wei YH (2008) Low copy number
and low oxidative damage of mitochondrial DNA are associated
with tumor progression in lung cancer tissues after neoadjuvant
chemotherapy. Interact Cardiovasc Thorac Surg 7:954–958

19. Lin PC, Lin JK, Yang SH, Wang HS, Li AF, Chang SC (2008)
Expression of beta-F1-ATPase and mitochondrial transcription
factor A and the change in mitochondrial DNA content in colorec-
tal cancer: clinical data analysis and evidence from an in vitro
study. Int J Colorectal Dis 23:1223–1232

20. Majewski N, Nogueira V, Robey RB, Hay N (2004) Akt inhibits
apoptosis downstream of BID cleavage via a glucose-dependent
mechanism involving mitochondrial hexokinases. Mol Cell Biol
24:730–740

21. Martin-Castillo B, Vazquez-Martin A, Oliveras-Ferraros C,
Menendez JA (2010) Metformin and cancer: Doses, mechanisms
and the dandelion and hormetic phenomena. Cell Cycle 9:1057–
1064

22. Mizushima N, Yoshimori T (2007) How to interpret LC3 immu-
noblotting. Autophagy 3:542–545

23. Morselli E, Galluzzi L, Kepp O, Criollo A, Maiuri MC, Tavernara-
kis N, Madeo F, Kroemer G (2009) Autophagy mediates pharma-

cological lifespan extension by spermidine and resveratrol. Aging
(Albany NY) 1:961–970

24. Morselli E, Maiuri MC, Markaki M, Megalou E, Pasparaki A,
Palikaras K, Criollo A, Galluzzi L, Malik SA, Vitale I, Michaud M,
Madeo F, Tavernarakis N, Kroemer G (2010) The life span-pro-
longing eVect of sirtuin-1 is mediated by autophagy. Autophagy
6:186–188

25. Pizarro JG, Verdaguer E, Ancrenaz V, Junyent F, Sureda F, Pallas
M, Folch J, Camins A (2011) Resveratrol inhibits proliferation and
promotes apoptosis of neuroblastoma cells: role of sirtuin 1. Neu-
rochem Res 36:187–194

26. Puissant A, Robert G, Fenouille N, Luciano F, Cassuto JP, Ray-
naud S, Auberger P (2010) Resveratrol promotes autophagic cell
death in chronic myelogenous leukemia cells via JNK-mediated
p62/SQSTM1 expression and AMPK activation. Cancer Res
70:1042–1052

27. Qian W, Nishikawa M, Haque AM, Hirose M, Mashimo M, Sato
E, Inoue M (2005) Mitochondrial density determines the cellular
sensitivity to cisplatin-induced cell death. Am J Physiol Cell Phys-
iol 289:C1466–C1475

28. Sanchez-Arago M, Chamorro M, Cuezva JM (2010) Selection of
cancer cells with repressed mitochondria triggers colon cancer
progression. Carcinogenesis 31:567–576

29. Shaw RJ (2006) Glucose metabolism and cancer. Curr Opin Cell
Biol 18:598–608

30. Shin YK, Yoo BC, Chang HJ, Jeon E, Hong SH, Jung MS, Lim SJ,
Park JG (2005) Down-regulation of mitochondrial F1F0-ATP syn-
thase in human colon cancer cells with induced 5-Xuorouracil
resistance. Cancer Res 65:3162–3170

31. Smolkova K, Plecita-Hlavata L, Bellance N, Benard G, Rossignol R,
Jezek P (2010) Waves of gene regulation suppress and then restore
oxidative phosphorylation in cancer cells. Int J Biochem Cell Biol

32. Tyagi A, Singh RP, Agarwal C, Siriwardana S, Sclafani RA, Agar-
wal R (2005) Resveratrol causes Cdc2-tyr15 phosphorylation via
ATM/ATR-Chk1/2-Cdc25C pathway as a central mechanism for
S phase arrest in human ovarian carcinoma Ovcar-3 cells. Carci-
nogenesis 26:1978–1987

33. Ventura-Clapier R, Garnier A, Veksler V (2008) Transcriptional
control of mitochondrial biogenesis: the central role of PGC-
1alpha. Cardiovasc Res 79:208–217

34. Waite KA, Sinden MR, Eng C (2005) Phytoestrogen exposure ele-
vates PTEN levels. Hum Mol Genet 14:1457–1463

35. White E, DiPaola RS (2009) The double-edged sword of autoph-
agy modulation in cancer. Clin Cancer Res 15:5308–5316

36. Yaginuma Y, Westphal H (1992) Abnormal structure and expres-
sion of the p53 gene in human ovarian carcinoma cell lines. Cancer
Res 52:4196–4199

37. Yee KS, Wilkinson S, James J, Ryan KM, Vousden KH (2009)
PUMA- and Bax-induced autophagy contributes to apoptosis. Cell
Death DiVer 16:1135–1145
123


	Resveratrol induces SIRT1- and energy--stress-independent inhibition of tumor cell regrowth after low-dose platinum treatment
	Abstract
	Introduction
	Materials and methods
	Cell culture, drug treatment, and assays
	Western blotting
	Flow cytometry
	siRNA transfection

	Results
	Differential cell cycle and cell death responses to RSV and cisplatin in EOC cell lines
	RSV co-treatment prevents post-treatment regrowth
	RSV treatment does not affect SIRT1,  beta -F1-ATPase, Hsp60, or PTEN expression or respiration
	SIRT1 is not required for RSV potentiation of platinum
	RSV does not induce energy--stress
	RSV induces p53 and PUMA, but not Bax, in sensitive cells

	Discussion
	Acknowledgments
	References


