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Abstract
Background Ovarian cancer is one of the most common lethal
gynecological malignancies world-wide. Despite an initial
70–80% response rate, most patients relapse within 1–2 years
and develop chemo-resistance. Hence, the identification of
novel drugs or the repositioning of known drugs to re-
sensitize ovarian cancer cells to existing chemotherapy regi-
mens is needed. Here, we evaluated the effect of metformin
(an anti-diabetic drug) on ovarian cancer cells, based on its
putative effect on other solid tumors.
Methods Primary cultures of epithelial ovarian cancer cells
established from ascitic fluids of untreated ovarian cancer pa-
tients and the SKOV-3 ovarian cancer-derived cell line were
used. The respective cells were treated with metformin,
carboplatin and paclitaxel alone and its various combinations
and their effects, including the ability to induce apoptosis,
were examined. Concomitantly, the cells were assessed for
the expression of several apoptosis-related mRNAs and pro-
teins using quantitative real time PCR, flowcytometry and
Western blotting.
Results We found that metformin induced apoptosis in the
ovarian cancer cells tested, and provoked a cell cycle arrest
in the G0/G1 and S-phase. Metformin induced apoptosis by
down-regulating Bcl-2 and Bcl-xL expression, and up-
regulating Bax and Cytochrome c expression. We also found

that the apoptosis induction by metformin could be enhanced
by a combinatorial use of carboplatin and/or paclitaxel.
Conclusions Our data indicate that metformin can induce ap-
optosis in both primary ovarian cancer cells and in SKOV-3
cells. When metformin was combined with carboplatin or
paclitaxel, an increased apoptotic activity was observed, im-
plicating a chemo-adjuvant potential.
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1 Introduction

Ovarian cancer has emerged as one of the most common
lethal gynecological malignancies. As per statistics of
GLOBOCAN 2012 and the International Agency for Re-
search on Cancer (IARC), ovarian cancer ranks as the sev-
enth most common cancer, with a high mortality rate in
women globally (http://globocan.iarc.fr/). In India, ovarian
cancer is the fourth leading cause of cancer amongst
women, trailing behind cervix, breast and colorectal
cancer. A major cause of its high mortality rate is the fact
that the disease is usually clinically silent until an advanced
stage has been reached, and that the symptoms are usually
vague and non-specific. Most patients diagnosed with
advanced disease undergo remission after optimal surgical
cytoreduction and platinum- and taxane-based chemothera-
py. Epithelial ovarian cancer exhibits intra- and inter-tumor
heterogeneity, leading to widely variable clinical pheno-
types even amongst patients of the same stage and histo-
logical subtype. Despite an initial 70–80 % response rate, it
has been found that in the majority of the cases the disease
ultimately recurs within 1 to 2 years, with a 5 year survival
rate of 30–50 % [1–4]. Thus, the identification of novel
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prognostic and therapeutic factors is needed to improve the
patient’s survival.

Here, we evaluated the effect of metformin on epithelial
ovarian cancer. Normally, metformin is the drug of choice
for the treatment of type-2 diabetes mellitus. Recent interest
in metformin as an agent for cancer prevention and treatment
reflects the convergence of several areas of research [5]. Ex-
citing preclinical studies have, for example, shown that met-
formin can inhibit the growth of cancer cells both in vitro and
in vivo. Evidence has been put forward that metformin results
in (a) the initiation of a LKB1-mediated AMPK-dependent
energy stress response that can adversely affect the survival
of cancer cells and (b) the inhibition of PI3K/AKT/mTOR
signaling that can lead to a reduced proliferation of cancer
cells. These observations have provided a molecular basis
for a direct, insulin-independent, anti-tumor effect and under-
score a rationale for evaluating metformin in cancer-
associated clinical trials [6, 7].

An association of metformin with a reduced cancer mortal-
ity that has been noted in three studies [8–10]. In support of
this notion, a retrospective study in breast cancer patients
showed that diabetic patients treated with metformin and
neo-adjuvant chemotherapy exhibited a higher complete re-
sponse rate than the respective control groups [11]. Additional
promising trends were noted on overall survival in other spe-
cific cancer types, particularly pancreatic and hepatocellular
cancers and, to a lesser extent, colon cancer. Together, these
findings warrant further research on the therapeutic potential
of metformin [12].

It has been shown that metformin can induce a significant
growth inhibition in OVCAR-3 and OVCAR-4 ovarian
cancer-derived cells in a time- and dose-dependent manner.
Next to the observation that metformin may exhibit anti-
neoplastic activity as a single agent, its co-incubation with
cisplatin revealed an increase in cytotoxicity compared to each
agent alone [13]. Additionally, it has been found that metfor-
min treatment can (a) significantly inhibit the proliferation of
various chemo-responsive and -resistant ovarian cancer-
derived cell lines (i.e., A2780, CP70, C200, OV202,
OVCAR-3, SKOV3ip, PE01 and PE04) and (b) cause cell
cycle arrest in conjunction with decreased Cyclin D1 and in-
creased p21 protein expression [14]. Also, an in vivo potential
of metformin, and its synergism with cisplatin, in reducing
ovarian cancer tumor burden, angiogenesis and metastatic po-
tential have been reported [15].

Clinically, metformin exhibits a good safety profile and is
well-tolerated by patients. The main limited side effect is tran-
sient gastrointestinal distress, such as nausea and diarrhea. In
only a few cases discontinuation of the drug is required. Met-
formin may also promote hirsuitism and can cause vitamin
B12 mal-absorption during long-term therapy. No teratogenic
effects or adverse fetal outcomes have been reported. The only
potential major adverse effect of metformin therapy is lactic

acidosis. This condition is rare and is primarily confined to
patients with concomitant renal and hepatic disorders [16].
Metformin may exhibit two potential anti-neoplastic effects:
indirectly by reducing circulating insulin levels and directly
by inhibiting growth through the AMPK-LKB1 pathway.

Here, we set out to evaluate whether, in addition to its anti-
proliferative effect, metformin can induce apoptosis in human
ovarian cancer cells. We also sought to identify the pathways
underlying this putative effect. Apoptosis plays an important
role in chemotherapy-induced cell death. A failure of the ap-
optotic machinery can lead to resistance towards chemother-
apeutic agents (i.e., chemo-resistance). Bcl-2 family member
proteins represent crucial players in apoptosis induction,
mainly via the mitochondrial pathway, which is frequently
triggered in response to chemotherapeutic agents. Elevated
levels of Bcl-2 may contribute to chemo-resistance by stabi-
lizing the mitochondrial membrane against apoptotic insult
[17–19]. As a consequence Bcl-2, or its family member Bcl-
xl, may serve as therapeutic targets. We have established pri-
mary cultures of ovarian cancer cells from ascitic fluids of 15
patients, treated these with metformin, carboplatin and pacli-
taxel alone or in combination, and assessed the subsequent
apoptotic effects. We also studied the effects in SKOV-3 ovar-
ian cancer-derived cells, which are p53 deficient [20]. Since
more than 95 % of primary ovarian cancers carry p53 muta-
tions, SKOV-3 serves as a suitable model for studying apo-
ptotic effects in ovarian cancer.

2 Materials and methods

2.1 Cell cultures

All ovarian cancer ascitic samples for establishing primary
cell cultures were obtained after signed informed consent
and approval from the IRCH AIIMS ethical committee. The
ovarian cancer-derived cell line SKOV-3 was obtained from
the National Centre for Cell Science (NCCS), Pune, India, and
was grown in DMEM medium supplemented with heat
inactivated 10 % fetal bovine serum (FBS), 2 mM glutamine
and 10 μg/ml gentamicin. The cells were routinely passaged
every 5–7 days. All cells were maintained at 37 °C in a 5 %
CO2, 95 % air atmosphere incubator. The respective assays
were performed in medium containing 1 % FBS. Metformin
was obtained from Sigma-Aldrich, USA (cat#D150959) and
kept as a stock solution of 1 M in DMEM without serum.
Carboplatin and paclitaxel were obtained from the hospital
pharmacy department.

2.2 Chemicals and antibodies

All cell culture materials (disposables) were obtained from
Sigma Aldrich, USA. The anti-Bax, anti-Bcl-2, anti-Bcl-xL,
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anti-Cyt C, anti-Survivin and anti-β-actin antibodies, and the
alkaline phosphatase-conjugated anti-rabbit IgG and anti-
mouse IgG reagents, were purchased from Santa Cruz, USA.

2.3 Establishment of primary cultures

Primary cultures of epithelial ovarian cancer cells were
established from ascitic fluids collected from untreated ovari-
an cancer patients (see above). Ascitic fluids were collected
under sterile conditions and the subsequent establishment of
cultures was initiated only when grape-like clusters of cells,
characteristic of ovarian cancer cells, were observed under the
microscope. MCDB 105 medium and Medium 199 (Sigma
Aldrich, USA) were used in the ratio 1:1, supplemented with
10 % FCS and antibiotics (100 units/ml penicillin, 100 μg/ml
streptomycin), to culture the ovarian cancer cells. The ascitic
fluids (200 ml) were centrifuged at 8000 rpm for 10 min at
4 °C. Next, the pellets were suspended in 15 ml ascitic fluid
and 15 ml MCDB 105/199 medium and incubated in 75 mm2

flasks in a humidified atmosphere of 5 % CO2 at 37 °C. After
4 days the media were removed and the cells were washed in
PBS, while the clusters of ovarian cancer cells remained at-
tached to the flask surface. The latter cells were maintained in
culture until they reached 80 % confluency. After this, the
cells were trypsinized and sub-cultured [21].

2.4 MTT assay

The cytotoxic effects of metformin, carboplatin and paclitaxel
were assessed using a MTT assay (Sigma-Aldrich). Briefly,
5×104 cells/well were seeded in 96-well culture plates. After
overnight incubation, the cells were treated with varying con-
centrations of the drugs for 24, 48 and 72 h. After this, the cells
were incubated with 100 μl of 5 mg/ml MTT for 4 h at 37 °C.
The formazan crystals thus formed were dissolved in DMSO
and the absorbance was measured at 570 nm, and 620 nm as a
reference wavelength, using an ELISA reader. The doses of
15 mM metformin (m), l00 μg/ml carboplatin (c), 5 μg/ml
paclitaxel (p) for 48 h alone, or in the combinations
metformin (15 mM) + carboplatin(100 μg/ml) (mc),
metformin(15 mM) + pacl i taxel (5 μg/ml) (mp) ,
carboplatin(100 μg/ml) + paclitaxel(5 μg/ml) (cp),
metformin(15 mM) + carboplatin(100 μg/ml) + paclitaxel
(5 μg/ml) (mcp) were used for the treatment of SKOV-3 and
ascitic ovarian cancer cells after standardization, respectively.

2.5 Flowcytometry

SKOV-3 cells were treated with 15 mMmetformin, l00 μg/ml
carboplatin, 5 μg/ml paclitaxel alone or in its respective com-
binations for 48 h, and then harvested. After this, the adherent
cells were collected using trypsin EDTA while floating cells
were collected by centrifugation. The cells were combined

and washed twice with ice-cold PBS. To determine the per-
centage of apoptotic cells and to carry out cell cycle analyses,
the cells were fixed in 70 % ethanol after collection and wash-
ing. Next, the cells were washed twice with ice-cold PBS and
resuspended in propidium iodide buffer (PBS, 0.1 % Triton
X-100, 0.1 mM EDTA, 0.05 mg/ml ribonuclease A, and
50 mM propidium iodide). After incubation for 30 min at
room temperature, the cell cycle distribution was determined
by flowcytometry (BD Facs, USA) using Win Mdi 2.9
software.

2.6 Quantitative RT-PCR

Total cellular RNA was harvested from ovarian cancer cells
using Trizol reagent (Sigma Aldrich, St. Louis USA) accord-
ing to the manufacturer’s instructions and quantified by spec-
trophotometric absorbance at 260 nm. One μg of total RNA
was reverse-transcribed into cDNA for quantitative real-time
PCR (RT-PCR) using Revert Aid M-Mul-V Reverse tran-
scriptase (MBI Fermentas) according to the manufacturer’s
instructions. RT-PCR reactions were carried out using gene-
specific primers (listed in Table 1) in a volume of 20 μl in an
ABI 7500 Thermocycler using Biotool Taq Polymerase
(B&M Labs, S.A., Spain ) under the following conditions:
denaturation at 94 °C for 10 s; annealing (as per primer) for
20 s; extension at 72 °C for 5 s. The respective mRNA ex-
pression levels were normalized using β-actin. The compara-
tive Ct method was used to evaluate differential expression
levels in SKOV-3 cells. The expression of each target gene
relative to β-actin was determined using the following
equation 2−ΔΔCt, where ΔΔCtgene= [Ctgene – Ctβactin] treat-
ed - [Ctgene – Ctβactin] Control. For each target gene we
performed three replicates of quantitative RT-PCR.

2.7 Protein extraction and Western blotting

Cells were lysed in RIPA buffer (25 mM Tris–HCl pH 7.6,
150 mM NaCl, 1 % NP-40, 0.25 % sodium deoxycholate,
0.1 % SDS) supplemented with protease inhibitor cocktail
tablets (G Biosciences, USA). Determination of the total pro-
tein content was performed according to the Bradford method.
Briefly, clarified protein lysates (60–100 μg) were resolved
electrophoret ical ly in 10–15 % denaturing SDS-
polyacrylamide gels and transferred to nitrocellulose mem-
branes. After blocking in 5 % non-fat dry milk, the mem-
branes were probed with primary antibodies directed against
Bcl-2, Bcl-xL, Bax, Cytochrome c, Survivin and β-actin. The
immunoblotted proteins were visualized using alkaline
phosphatase-conjugated secondary antibodies and detected
using BCIP/NBTsubstrate (Promega, USA). Appropriate pos-
itive and negative controls were run simultaneously. The pro-
tein bands were analyzed and quantified using an
Alphaimager scanning densitometer (Alpha Innotech, USA),
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and the protein expression levels were expressed in Relative
Units (RU). The control was taken as 1 and the treatment
results were expressed relative to the control.

2.8 Statistical analyses

All values are expressed as mean±SEM (standard error of
mean). For multiple comparisons, data were analyzed using
the one-way ANOVA test followed by the Post hoc
Bonferronis test. P<0.05 was considered significant. All sta-
tistical analyses were carried out using Graph Pad Prismv.5
software.

3 Results

3.1 Metformin, carboplatin and paclitaxel inhibit ovarian
cancer cell viability

Out of the 20 ascitic fluid samples collected, 15 primary cul-
tures of ovarian cancer cells could be established. To examine
the effects of metformin, carboplatin and paclitaxel on cancer
cell growth, we treated primary ovarian cancer cells and
SKOV-3 ovarian cancer-derived cells with the respective
agents. Cell viability was determined by MTT assay using
increasing doses of these agents for 48 h. We found that met-
formin, carboplatin and paclitaxel all inhibited cell viability
compared to the control (Fig. 1). Metformin inhibited cell
viability in doses ranging from 15 to 30 mM, reaching a pla-
teau at 35 mM in both SKOV-3 and primary ovarian cancer
cells (Fig. 1a). Similarly, carboplatin and paclitaxel inhibited
cell viability in doses ranging from 100–200 μg/ml to 2–

10μg/ml in SKOV-3 and primary ovarian cancer cells, respec-
tively (Fig. 1b, c).

When lower doses of metformin were used in combinatorial
studies, no synergistic effects were observed (data not shown).
Doses of 15 mM metformin (m), l00μg/ml carboplatin (c),
5 μg/ml paclitaxel (p) for 48 h alone, and in the combinations
metformin(15 mM) + carboplatin(100 μg/ml) (mc),
metformin(15 mM) + pacl i taxel (5 μg/ml) (mp) ,
carboplatin(100 μg/ml) + paclitaxel(5 μg/ml) (cp),
metformin(15 mm) + carboplatin(100 μg/ml) + paclitaxel
(5 μg/ml) (mcp) were used for the treatment of SKOV-3 and
ascitic ovarian cancer cells after standardization.

3.2 Metformin, carboplatin and paclitaxel induce ovarian
cancer cell cycle arrest

To further evaluate the mechanism underlying the growth in-
hibition by metformin, carboplatin and paclitaxel, cell cycle
profiles were analyzed by flowcytometry after treatment of
primary ovarian cancer cells and SKOV-3 cells with the re-
spective agents alone or its combinations (Fig. 1d, e). In the
control situation, the majority of the cells were found to be in
the G0/G1-phase of the cell cycle, a small fraction in the G2/
M-phase and the rest in the S-phase. Subsequent metformin,
carboplatin and paclitaxel treatment led to increases in G0/G1-
phase, S-phase and G2/M-phase sub-populations in primary
ovarian cancer cell and SKOV-3 cell cultures, respectively.
However, metformin in combination with carboplatin, pacli-
taxel or carboplatin + paclitaxel resulted in increases in G0/G1
and S-phase cells compared to carboplatin and paclitaxel only
treated cells. From these results we conclude that, at the cel-
lular level, metformin interferes with the cell cycle leading to
G0/G1-phase or S-phase arrest.

3.3 Metformin, carboplatin and paclitaxel induce
apoptosis in ovarian cancer cells

To assess apoptosis induction, control and treated primary
ovarian cancer cells were analyzed by flowcytometry
(Fig. 2a). As evident from the bar diagrams (Fig. 2b), there
was a wide variation in response of the individual primary
cultures to treatment with the different agents used. The
mean percentage of apoptosis in untreated control cells
was 4.9 %. Upon treatment with metformin this percentage
was 15.4 % (range 9–16.8 %), with carboplatin 19.2 %
(range 9.9–20 %) and with paclitaxel 16.6 % (range 10–
20.5 %). Upon treatment with metformin+carboplatin (mc)
a percentage of 40.2 % apoptosis was seen (range 12–
42.4 %), with metformin+paclitaxel (mp) 32.4 % (range
18.2–39 %), with carboplatin+paclitaxel (cp) 32.2 % (range
16–37.3 %) and with metformin+carboplatin+paclitaxel
(mcp) 55.4 % (range 46–55 %).

Table 1 Primer sequences of genes under study

Gene Primer sequence

Bax

Forward primer GCTTCAGGGTTTCATCCAG

Reverse primer CAGTTGAAGTTGCCGTCAGA

Survivin

Forward primer CAGATTTGAATCGGGGGACCC

Reverse primer CCAAGTCTGCCTCGTTCTCAG

Cyt-C

Forward primer CCAGTGCCACACCGTTGAA

Reverse primer TCCCCAGATGATGCCTTTGTT

Bcl-xL

Forward primer GGCTGGGATACTTTTGTGGA

Reverse primer ACAGTCATGCCCGTCAGG

Bcl2

Forward primer CTGCACCTGACGCCCTTCACC

Reverse primer CACATGACCCCACCGAACTCAAAGA
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Similarly, logarithmically growing SKOV-3 cells were
treated with metformin, carboplatin and paciltaxel. The
mean percentage apoptosis in untreated SKOV-3 (control)
cells was 5.1 %. Upon treatment with metformin this per-
centage was 14.5 %, with carboplatin 17.2 % and with
paclitaxel 12.06 %, whereas with metformin + carboplatin
(mc) this was 35.6 %, with metformin + paclitaxel (mp)
28.2 %, with carboplatin + paclitaxel (cp) 43.7 % and with
metformin + carboplatin + paclitaxel (mcp) 50.8 %
(Fig. 3a, b).

As evident from the above results, metformin by itself was
as good as carboplatin or paclitaxel in inducing apoptosis in
both the primary ovarian cancer cells and the SKOV-3 cells.
However, the combination of metformin and paclitaxel (mp)
increased apoptosis, the combination of metformin and
carboplatin (mc) was equally effective as carboplatin and pac-
litaxel, and the combination of metformin, carboplatin and
paclitaxel turned out to be the best combination with the
highest apoptotic percentage. Together, we again conclude
that at the cellular level, metformin interferes with the cell
cycle, leading to G0/G1 and/or S-phase arrest. Besides its

anti-proliferative capacity as a single agent metformin
showed, in conjunction with carboplatin and paclitaxel, an
increased cytotoxic effect compared to each agent alone.

3.4 Metformin, carboplatin and paclitaxel affect
the expression of pro-apoptotic and anti-apoptotic genes
in SKOV-3 cells

Next, we set out to elucidate the pathway involved in apopto-
sis induction by metformin. To do so, we measured mRNA
expression levels of Bcl-2 family members in the presence of
metformin, carboplatin and paclitaxel and its combinations.
We found that, upon treatment, the expression levels of the
anti-apoptotic Bcl-2, Survivin and Bcl-xL mRNAs were all
down-regulated in SKOV-3 cells (Fig. 4a). The mRNA ex-
pression level of Bcl-2 decreased 1.35, 1.41, 1.16, 2.5, 1.7,
2.3 and 3.4 fold after treatment with metformin, carboplatin,
paclitaxel, metformin + carboplatin (mc), metformin + pacli-
taxel (mp), carboplatin + paclitaxel (cp) and metformin +
carboplatin + paclitaxel (mcp), respectively. Similarly the
mRNA expression level of Bcl-xL decreased 1.49, 1.5, 1.47,
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Fig. 1 a, b, c Cell viability measured by MTT assay of primary ovarian
cancer cell cultures and SKOV-3 ovarian cancer-derived cells treated with
increasing doses of metformin, carboplatin and paclitaxel, respectively,
for 48 h. d Flowcytometric cell cycle analyses of control and drug-treated
primary ovarian cancer and e SKOV-3 cells, respectively. Cells were

treated for 48 h with the respective (combinations of) drugs: m
metformin, c carboplatin, p paclitaxel, mc metformin + carboplatin, mp
metformin+paclitaxel, cp carboplatin+paclitaxel, mcp metformin+
carboplatin+paclitaxel
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cells as measured by flowcytometry. The diagram represents means±
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3.5, 2, 2.8 and 5 fold after treatment with metformin,
carboplatin, paclitaxel, mc, mp, cp and mcp, respectively,
whereas the mRNA expression level of Survivin decreased
1.29, 1.52, 1.49, 1.61, 1.51, 1.69 and 1.75 fold after treatment
with metformin, carboplatin, paclitaxel, mc, mp, cp and mcp,
respectively.

We observed a significant decrease in Bcl-2 mRNA expres-
sion level in SKOV-3 cells after treatment with metformin +
carboplatin (mc) (p<0.05) compared to metformin or
carboplatin alone. Moreover, we found that paclitaxel did
not significantly decrease Bcl-2 expression, either as a single
agent or in combination with metformin. Similarly, we found a
significant decrease in Bcl-2 mRNA expression after treat-
ment with carboplatin+ paclitaxel (cp) (p<0.05) compared to
carboplatin or paclitaxel alone. Similar results were obtained
for Bcl-xL mRNA expression. In contrast, no significant

difference in Survivin mRNA expression was observed in
any of the treatment regimens used.

In analogy, we measured mRNA expression levels of
several pro-apoptotic Bcl-2 family members. We found
that the mRNA levels of both Bax and Cytochrome c
(Cyt c) were up-regulated in SKOV-3 cells (Fig. 4b).
Increases of 1.2, 2.3, 1.92, 5.5, 2.8, 5.8 and 8.8 fold in
Bax mRNA expression were observed after treatment
with metformin, carboplatin, paclitaxel, mc, mp, cp and
mcp, respectively. Similarly, increases of 1.2, 1.5, 1.3,
3.8, 1.66, 3.5 and 6.2 fold in Cytochrome c mRNA ex-
pression were observed after treatment with metformin,
carboplatin, paclitaxel, mc, mp, cp and mcp, respectively.
Significant increases in Bax and Cytochrome c mRNA
expression levels after treatment with metformin +
carboplatin (mc) (p<0.05) and carboplatin + paclitaxel

Fig. 4 a Bar diagram
representing relative fold mRNA
expression levels of Bcl-2, Bcl-xL
and Survivin normalized to β-
actin in control and drug-treated
SKOV-3 ovarian cancer-derived
cells measured by quantitative
RT-PCR. Results represent the
mean±SEM of three independent
experiments. *P<0.05 versus
metformin, #P<0.05 versus
carboplatin, +P<0.05 versus
paclitaxel, $ P<0.05 versus
control. b Bar diagram
representing relative fold mRNA
expression levels of Bax and
Cytochrome c normalized to β-
actin in control and drug-treated
SKOV-3 ovarian cancer cells as
measured by quantitative RT-
PCR. Results represent the mean
±SEM of three independent
experiments. *P<0.05 versus
metformin, #P<0.05 versus
carboplatin, +P<0.05 versus
paclitaxel. $ P<0.05 versus
control
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(cp) (p<0.05) were observed compared to the respective
agents alone.

3.5 Metformin, carboplatin and paclitaxel affect
the expression of pro-apoptotic and anti-apoptotic
proteins in SKOV-3 cells

Next, we measured the levels of several pro-apoptotic and
anti-apoptotic proteins using Western blotting (Fig. 5a). We
found that after the various treatment regimens the levels of
Bcl-2, Survivin and Bcl-xL were down-regulated in SKOV-3
cells (Fig. 5b). The protein expression of Bcl-2 decreased by
1.1, 1.21, 1.1, 2, 1.4, 2.1 and 3.3 fold after treatment with
metformin, carboplatin, paclitaxel, mc, mp, cp and mcp, re-
spectively. Similarly, the protein expression of Bcl-xL de-
creased by 1.14, 1.12, 1.1, 2.3, 1.8, 2.4 and 3.4 fold after
treatment with metformin, carboplatin, paclitaxel, mc, mp,
cp and mcp respectively. In contrast, and in accordance with
the mRNA data, no significant changes in Survivin protein
expression levels were observed after any of the treatment
regimens used.

The protein levels of both Bax and Cytochrome c were
found to be up-regulated in SKOV-3 cells after application
of the various treatment regimens (Fig. 5c). Bax protein in-
creases of 1.2, 1.5, 1.94, 3.6, 2.4, 3.3 and 3.2 fold were ob-
served after treatment with metformin, carboplatin, paclitaxel,
mc, mp, cp and mcp, respectively. Similarly, Cytochrome c
protein increases of 1.2, 1.3, 1.39, 1.9, 1.4, 2.1 and 1.8 fold
were observed after treatment with metformin, carboplatin,
paclitaxel, mc, mp, cp and mcp, respectively. Overall, our
Western blotting results were in concordance with our RT-
PCR results, with significant increases in pro-apoptotic pro-
teins and significant decreases in anti-apoptotic proteins after
treatment of SKOV-3 cells with metformin + carboplatin(mc)
and carboplatin + paclitaxel(cp) compared to the respective
agents alone.

4 Discussion

Currently, the mortality rate of ovarian cancer is high, which is
primarily due to the fact that75% of the patients present with

Fig. 5 a Effect of metformin, carboplatin and paclitaxel on the
expression of anti-apoptotic and pro-apoptotic proteins (Bcl-2, Bcl-xL,
Bax, Cytochrome c, Survivin and control(β-Actin)) in SKOV-3 ovarian
cancer-derived cells treated with 15 mM metformin and/or 100 μg/ml
carboplatin and 5 μg/ml paclitaxel for 48 h. Cell lysates were subjected
to Western blotting (one representative example out of three is shown). b
Densitometric analyses of Bcl-2, Bcl-xL and Survivin protein expression
in control and drug-treated SKOV-3 cells as measured by Western

blotting. The bar diagram represents the mean±SEM of three
independent experiments. *P<0.05 versus metformin, #P<0.05 versus
carboplatin, +P<0.05 versus paclitaxel, $ P<0.05 versus control. c
Densitometric analyses of Bax and Cytochrome c protein expression in
control and drug-treated SKOV-3 cells as measured by Western blotting.
The diagram represents the mean±SEM of three independent
experiments. *P<0.05 versus metformin, #P<0.05 versus carboplatin,
+P<0.05 versus paclitaxel, $ P<0.05 versus control
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an advanced stage of the disease (stage >III) at diagnosis, and
that the available therapies for primary and recurrent ovarian
cancers exhibit limited efficacies. Consequently, there is a
great need for improved upfront and salvage therapies for
ovarian cancer. Novel therapies may originate from the de-
signing of new drugs. Although promising, this approach
carries the limitation of being tremendously expensive and
time consuming [22]. Therefore, alternative approaches need
to be explored. One such approach is drug repositioning, in
which existing drugs are used to treat new diseases. This ap-
proach carries the promise of accelerating the translation of
research into clinical practice in a relatively short time frame
[23]. Metformin, which is derived from the French Lilac plant
(Galega officinalis), is one of the most commonly used med-
ications for diabetes worldwide. Previously, it has been shown
that metformin may also exhibit anti-proliferative effects in
ovarian cancers, both in vitro and vivo [13]. Similar observa-
tions from others have suggested anti-cancer effects in pros-
tate [24], colon [25], pancreas [26] and brain [27] tumors. As
yet, very few studies have been performed to assess the
apoptosis-inducing potential of metformin. Moreover, it has
been suggested that deregulated apoptosis is a major contrib-
utor to the development of acquired resistance to anticancer
therapies. Enhancement of this process, either by directly ac-
tivating apoptosis or by lowering the threshold for its initiation
by cytotoxic drugs, represents an attractive therapeutic strate-
gy [28]. Therefore, therapeutic manipulation of the apoptotic
pathway(s) may represent a way to improve the clinical re-
sponse of ovarian cancer patients. Apoptosis is a complex
process and involves a number of mitochondria-associated
proteins including Bcl-2 family members such as Bcl-xL,
Bad and Bax. The Bcl-2 protein is located at the outer mito-
chondrial membrane and protects cells against apoptosis by
blocking the release of Cytochrome c. Cells that over-
express Bcl-2 resist apoptosis induced by anticancer drugs.
As a corollary, suppression of Bcl-2 expression promotes
apoptosis induced by a number of stimuli, including anti-
cancer drugs.

Here, we addressed the question whether metformin can
induce apoptosis of ovarian cancer cells.We hypothesized that
metformin might be used in conjunction with carboplatin and/
or paclitaxel (standard chemotherapies) to increase the chemo-
sensitivity of ovarian cancer cells. Upon treatment with stan-
dard doses of the chemotherapeutic agents and metformin
alone or in combination, we found variable responses in inde-
pendent primary ovarian cancer cell cultures. Each primary
ovarian cancer cell culture was found to be unique in nature,
with different responses to metformin and its combinations
with carboplatin and/or paclitaxel. Primary cell cultures more
closely mimic the physiological state of the cancer cells
in vivo and, therefore, they generate more relevant data. As
such, they provide a model that allows a vast spectrum of cell
types from a larger number of patients to be considered, in the

absence of artificially induced genetic mutations. Neverthe-
less, primary epithelial cell cultures are technically challeng-
ing and time consuming. In our study, the primary cultures
posed a limitation on the detection of apoptotic responses to
chemotherapeutic drugs in conjunction with the assessment of
(changes in) mRNA and protein expression levels of various
apoptotic factors. We evaluated the effects of metformin on
cell viability, cell cycle distribution and progression.We found
that metformin exhibited anti-proliferative effects, and that the
ovarian cancer cells were blocked in S and G0/G1-phases of
the cell cycle upon metformin exposure. One way by which
metformin may induce cell cycle arrest may be the activation
of AMP-activated protein kinase (AMPK), which leads to
down-regulation of Cyclin D1. This down-regulation may re-
sult in a release of sequestered cyclin-dependent kinase
(CDK) inhibitors such as p27Kip1 and p21Cip1. The released
CDK inhibitors can bind to and inhibit Cyclin E/CDK2, there-
by preventing cell cycle progression from the G1 to the S-
phase and, thus, causing cell cycle arrest and decreasing pro-
liferation [29]. Differences exist between studies regarding the
effect of metformin on cell cycle distribution. One possible
explanation for these variations may be the occurrence of
polymorphisms in the metformin transporter, OCT1 (organic
cation transporter-1) [30]. The role of OCT1 in metformin
uptake by ovarian cancer cells is currently under investigation.

The ovarian cancer-derived SKOV-3 cells were similarly
treated with metformin, carboplatin and paclitaxel and similar
findings were obtained as for the primary ovarian cancer cell
cultures. We found that metformin by itself was as good as
carboplatin or paclitaxel in inducing apoptosis, and that com-
binations of carboplatin + paclitaxel (cp), metformin +
carboplatin (mc) and metformin + paclitaxel (mp) modestly
increased apoptosis compared to the respective agents alone.
As yet, data on the effect of metformin on apoptosis in cancer
cells are limited and somewhat inconsistent. It has e.g. been
reported that metformin can block the cell cycle at the G0/G1-
phase in prostate cancer cells without inducing apoptosis [24].
Similarly, it has been found that breast cancer cells do not
undergo apoptosis in response to metformin [5]. In contrast,
metformin has been shown to stimulate apoptotic cell death in
pancreatic cancer cells [31]. These discrepancies may result
from variations in experimental conditions and/or cell type-
specific functions.

We set out to confirm our initial findings by evaluating the
putative down-regulation of anti-apoptotic and up-regulation
of apoptotic factors. To this end, we tested the effect of met-
formin on various pro-and anti-apoptotic Bcl-2 family mem-
bers. Our results revealed a decreasing trend in the expression
of the anti-apoptotic Bcl-2, Bcl-xL mRNA and protein levels
in cells treated with metformin, carboplatin and paclitaxel, and
its various combinations. Significant decreases were found
with combinations of metformin + carboplatin (mc) and
carboplatin + paclitaxel (cp). Concomitantly, we found that
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the pro-apoptotic factors Bax and Cytochrome c were induced
in these cells. However, we did not observe any significant
down-regulation of Survivin, either alone or in combination
with carboplatin or paclitaxel. Moreover, we did not find a
significant up-regulation of pro-apoptotic or down-regulation
of anti-apoptotic factors at either the mRNA or protein levels
after treatment with combinations of metformin + paclitaxel
(mp) compared to metformin or paclitaxel alone.

We found not only an additional pro-apoptotic effect to the
previously described anti-proliferative effect of metformin,
but also a beneficial effect of combining metformin with the
cytotoxic drug carboplatin, which is commonly used for the
treatment of ovarian cancer. These effects were observed
using flowcytometry, quantitative RT-PCR and Western blot-
ting. Taken together, our results suggest that there is an addi-
tive effect of carboplatin + metformin (mc) on ovarian cancer
cells. The combinations of the metformin + carboplatin (mc)
and carboplatin + paclitaxel (cp) induced a stronger inhibition
of the anti-apoptotic proteins and a higher induction of the
pro-apoptotic proteins tested, suggesting a cell type-specific
effect of the combined drugs.

Although the doses used in this study are similar to those
used in most in vitro and pre-clinical studies reported in the
literature (ranging from 1 to 100 mM), it may be argued that
these doses are still supra-physiological. Indeed, metformin
concentration in the blood of type 2 diabetic patients treated
with this drug approximates 50 μM [32], indicating that we
used a 200-fold excess over these therapeutic levels. However,
it has been reported that metformin accumulates in tissues,
where it can reach concentrations at which our in vitro obser-
vations might occur [33]. As such, targeted inhibition of Bcl-2
and Bcl-xL has the potential to facilitate tumor cell apoptosis.
Here we report correlations between metformin treatment, the
inhibition of anti-apoptotic Bcl-2 family proteins, and in-
creases in apoptosis whenmetformin is combined with known
cytotoxic drugs. As such, metformin appears to increase the
effectiveness of standard chemotherapy and may, thus, act as
chemo-adjuvant. This in vitro study offers a basis for pre-
clinical studies on the benefits of metformin for the treatment
ovarian cancer. A detailed understanding of the apoptotic
mechanisms and factors that can compromise them is critical
to the design of more potent, specific and effective ovarian
cancer therapies.

5 Conclusion

Besides its anti-proliferative activity as a single agent, metfor-
min together with carboplatin and paclitaxel showed increased
apoptotic activities compared to the respective agents alone,
thus demonstrating a chemo-adjuvant potential for epithelial
ovarian cancer.
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