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Abstract: Targeting cancer cell metabolism is a new promising strategy to fight cancer. Metformin, a first-line treat-
ment for type 2 diabetes mellitus, exerts anti-cancer and anti-proliferative action. 2-deoxyglucose (2-DG), a glucose 
analog, works as a competitive inhibitor of glycolysis. In this study, we show for the first time that metformin in 
combination with 2-DG inhibited growth, migration, invasion and induced cell cycle arrest of ovarian cancer cells in 
vitro. Moreover, metformin and 2-DG could efficiently induce apoptosis in ovarian cancer cells, which was achieved 
by activating p38 MAPK and JNK pathways. Our study reinforces the growing interest of metabolic interference in 
cancer therapy and highlights the potential use of the combination of metformin and 2-DG as an anti-tumor treat-
ment in ovarian cancer.
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Introduction

Ovarian cancer is the most lethal gynecologic 
malignancy and the fifth leading cause for can-
cer death among women in the world [1]. The 
majority of the cancer cases are diagnosed 
with advanced disease due to the lack of effec-
tive screening strategies and typical early signs 
and symptoms associated with this disease. 
Metastases are already present when diag-
nosed at advanced disease stages, leading to 
poor prognosis. Despite the encouraging devel-
opments in chemotherapy, surgery, and some-
times radiotherapy, the likelihood of long-term 
disease-free survival is still very low (15-20%) 
[2-4]. Identification of new anti-cancer drugs is 
essential, enabling preventative and therapeu-
tic advances to be made in this rare but deadly 
disease.

Targeting cancer metabolism has become a 
major area of investigation, which is largely 
based on the principle of Warburg Effect [5]. As 
Otto Warburg proposed, even with adequate 

oxygen, cancer cells display increased glucose 
uptake and production of lactate. This suggests 
that rapidly growing tumors depend on aerobic 
glycolysis to maintain energy balance [6-8]. 
However, recent studies suggest that both mito-
chondrial glucose oxidation and glycolysis are 
necessary to support the rapid and aggressive 
growth of tumors [9, 10]. Therefore, therapeutic 
strategies targeting both mitochondrial oxida-
tive phosphorylation and glycolysis may be 
more effective in the metabolism interference 
of tumors.

Metformin, an anti-hyperglycemic agent, has 
been the first-line treatment for type II diabetes 
mellitus for decades. Despite the extensive use 
of metformin as an anti-diabetic drug for 40 
years, in 2001 it was first reported of its poten-
tial anti-cancer effect in mammals [11]. In addi-
tion, the first report of a reduced risk of cancer 
in patients with type II diabetes treated with 
metformin was published only 10 years ago 
[12]. Since then, many articles suggested that 
metformin exhibited a strong and consistent 
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anti-proliferative action on different cancer cell 
lines and xenografts or transgenic mice, includ-
ing ovarian cancer [13-15]. As related to metab-
olism, metformin is identified as a new class of 
complex I and ATP synthase inhibitor [16], and 
it acts directly on mitochondria to limit respira-
tion, which causes energy inefficient and reduc-
es glucose metabolism through the citric acid 
cycle [17].

As a glucose analog, 2-deoxyglucose (2-DG) 
can be readily taken up by glucose transporters 
and works as a competitive inhibitor of glycoly-
sis [18]. As reported in multiple tumor types, 
the combination of metformin with 2-DG can 
impair cell metabolism and cause the death of 
tumor cells [19-22]. These effects have been 
caused by simultaneous metabolism interfer-
ence in glycolysis (with 2-DG) and oxidative 
phosphorylation (with metformin). Based on 
these reported studies, the combination of 
2-DG and metformin may be effective in some 
cancer types, however, it has not yet been test-
ed in ovarian cancer.

The present study was performed to clarify 
whether combination of metformin and 2DG 
can lead to a stronger inhibitory effect on ovar-
ian cancer cell viability and to elucidate the 
possible molecular mechanisms.

Materials and methods

Cell lines and agents

Epithelial ovarian cancer cell lines, SKOV3 and 
hey cells were grown in RPMI 1640 supple-
mented with 10% fetal bovine serum and 100 
units/mL penicillin, 100 mg/mL streptomycin 
at 37°C and 5% CO2. Metformin and 
2-Deoxyglucose were purchased from Sigma 
Chemical Co. (St. Louis, MO). SB203580 and 
SP600125 were purchased from Beyotime 
Institute of Biotechnology (China). Metformin 
and 2-DG were dissolved in culture media. 
SB203580 and SP600125 were dissolved in 
DMSO, and the final concentration of DMSO 
was 0.075%.

Cell proliferation assay

Cell proliferation was measured by the CCK-8 
assay kit (Dojindo Japan). Briefly, cells were 
seeded in 96-well culture plates. 24 hours 
later, cells were starved in FBS-free medium for 
12 hours before metformin or 2-DG treatment. 
After incubation for indicated time, 10 μl of 

CCK-8 reagent was added to each well and  
the absorbance was measured at 450 nm. All 
experiments were repeated at least three 
times.

Glucose uptake and lactic assays

Cells (4 × 105 per well) were seeded in 6-well 
plates. 24 hours later, cells were starved in 
FBS-free medium for 12 hours before treated 
with the indicated agents. After 48 hours, the 
media was collected and measured for glucose 
and lactic acid using glucose kit and lactic acid 
kit (Jiancheng China) according to manufactur-
er’s protocol. Counts were normalized to pro-
tein concentration.

ATP measurement

The level of ATP in cells was determined using 
the ATP Bioluminescence Assay Kit (Beyotime 
Technology China). Briefly, Cells (4 × 105 per 
well) were seeded in 6-well plates. 24 hours 
later, cells were starved in FBS-free medium for 
12 hours before treated with indicated agents 
for 48 hours. Then cells were lysed with a lysis 
buffer, followed by centrifugation at 10,000 × g 
for 2 min at 4°C. Finally, the level of ATP was 
determined by mixing 50 μl of the supernatant 
with 50 μl of luciferase reagent, which cata-
lyzed the light production from ATP and lucifer-
in. The emitted light was linearly related to the 
ATP concentration and measured using a lumi-
nometer. Counts were normalized to protein 
concentration.

Wound healing assay

Cells were seeded in 6-well plates and grew to 
about 90% confluence. Medium was removed 
and cell monolayers were wounded by manually 
scraping the cells with a 200 ul pipette tip. 
After being washed with PBS twice, cells were 
added with indicated drugs and then incubated 
at 37°C in fresh medium. Images of wound clo-
sure were evaluated at the indicated times with 
an inverted microscope. The migration rate was 
quantified with measurements of the distance 
between cells. The migration rate was calculat-
ed by the following formula: migration rate = 
migration distance/original distance.

Invasion assay

Cells treated with indicated drugs after 24 
hours were harvested and seeded into the 
upper Transwell chamber (pre-applied with 50 
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uL Matrigel) with 1 × 105 cells/well in 200 mL 
of serum-free medium, and 60omL medium 
containing 20% FBS was added into the lower 
chamber. After 48 hours, the upper surface of 
the membrane was wiped with a cotton swab. 
Cells on the lower surface of the membrane 
were fixed with 4% paraformaldehyde and 
stained with 0.5% crystal violet. Five random 
areas of the membrane were photographed 
and counted under an inverted microscope. 

Cell cycle analysis

Cell cycle analysis was performed using cell 
cycle analysis kit (LIANKE BIOTECH China). 
Briefly, Cells (4 × 105 per well) were seeded in 
6-well plates. 24 hours later, cells were starved 
in FBS-free medium for 12 hours before treat-
ed with indicated agents for 48 hours. Then, 
the adherent cells were washed once with PBS, 
trypsinized, and collected by centrifugation at 
1000 bpm for 5 min. The cells (106 cells per 
sample) were fixed in 4 ml of cold 75% ethanol 
at -20°C overnight. After centrifugation at 2000 
bpm for 10 min, cell pellets were incubated 
with 1 ml propidium iodide at room tempera-
ture for 30 min. Cell cycle distribution was ana-
lyzed by measuring DNA content using flow 
cytometry. 

Apoptosis assay

Apoptotic cells were identified by Annexin V/
Dead Cell Apoptosis Kit (Invitrogen USA). Briefly, 
Cells (4 × 105 per well) were seeded in 6-well 
plates. 24 hours later, cells were starved in 
FBS-free medium for 12 hours before treated 
with indicated agents for 48 hours. Then, cells 
were harvested and washed twice with ice-cold 
PBS. Cells were resuspended in annexin-bind-
ing buffer and 5 μl Annexin V-FITC and 1 μl PI 
were added before incubating at room temper-
ature for 15 mins in the dark. FITC and PI fluo-
rescence were analyzed by flow cytometry. 

Western blot analysis

Cells were harvested and lysed in RIPA buffer 
containing PMSF and phosphotransferase 
inhibitor (Beyotime Technology China). Equal 
amounts of protein lysates were electrophoreti-
cally separated on SDS-PAGE gels and trans-
ferred to PVDF membranes. The membranes 
were blocked with 5% non-fat dried milk for 1 
hour at room temperature and then incubated 
with primary antibodies in 4°C overnight. After 
incubation with a HPS secondary antibody for 1 
hour at room temperature, the protein bands 
were detected using the ECL detection system 

Figure 1. Effects of metformin and/or 2-DG on cell metabolism and intracellular ATP concentration in SKOV3 and 
hey cell lines. A and D: Glucose concentration in culture medium after treatment with metformin (10 mM) and/or 
2-DG (10 mM) for 24 h. B and E: Lactate concentration in culture medium after treatment with metformin (10 mM) 
and/or 2-DG (10 mM) for 24 h. C and F: Intracellular ATP concentration in cells treated for 24 h. Results are mean 
of three independent experiments, *, P < 0.05, **, P < 0.01, ***, P < 0.001.
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(Millipore USA). Antibodies used were listed 
above: antibodies against cleaved-caspase 3, 
CDK-4, cyclin D1, p38 MAPK, p-p38 MAPK, JNK 
and p-JNK were purchased from Cell signaling 
technology. Antibodies against Bcl-2 and 
β-actin were purchased from Abcam.

Statistical analysis

Results were presented as means ± SEM. 
Statistical analyses were carried out using 
Stata 12.0 software. Student’s t test or oneway 
ANOVA was chosen to analyze statistical differ-
ences. P < 0.05 was considered statistically 
significant.

Results

Metformin and 2-DG combination resulted in 
ATP depletion

To determine whether metformin and 2-DG 
affect ovarian cancer cell metabolism, we ana-
lyzed their effects on glucose consumption and 
lactate secretion in SKOV3 and hey cells. 
Metformin (10 mM) accelerated glucose deple-
tion and consequently decreased lactate con-
centration (one of the end products of aerobic 
glycolysis) in both SKOV3 and hey cells (Figure 
1A, 1B, 1D and 1E). On the contrary, as a com-
petitive inhibitor of glycolysis, 2-DG (10 mM) 

decreased lactate production and prevented 
metformin-induced lactate production in 
SKOV3 and hey cells (Figure 1A, 1B, 1D and 
1E). To determine the effects of metformin and 
2DG on cellular energetics more directly, we 
assayed ATP levels after treatment for 24 hours 
(Figure 1C and 1F). Metformin and 2-DG alone 
decreased intracellular ATP concentration by 
about 60% in SKOV3 and 40% in hey cells. 
Importantly, the combination of the two agents 
robustly diminished ATP concentration by about 
90% in both cell lines. Altogether, these results 
suggested that combination of metformin and 
2-DG inhibited the two main sources of cellular 
ATP, thus initiated a strong metabolic stress in 
ovarian cancer cells.

Metformin and 2-DG combination inhibited 
ovarian cancer cell growth, migration and inva-
sion

In order to examine the potential of cellular 
metabolism as a therapeutic target in ovarian 
cancer, we investigated the effect of the combi-
nation of metformin and 2-DG on ovarian can-
cer cells: SKOV3 and hey. To assess the effects 
of metformin and 2-DG on cell proliferation, 
CCK-8 assay was used to measure cell viability 
after 24, 48 and 72 hours of treatment (Figure 
2A, 2B). In both SKOV3 and hey cells, combina-
tion of metformin with 2-DG resulted in a signifi-
cant reduction in cell growth than single agent 
over the time course. Taken together, these 
results demonstrated that metformin and 2DG 
exhibited a synergistic interaction in all the 
ovarian cancer cell lines tested. Moreover, 
wound healing assay was used to test cell 
migration in SKOV3 and hey cells. As shown in 
Figure 3A, 3B, 3E and 3F, although metformin 
or 2-DG alone decreased ovarian cancer  
cell migration, the combination significantly 
enhanced the effect as compared to either 
treatment alone. Meanwhile, Transwell assay 
was carried out to determine effects of metfor-
min and 2-DG on cell invasion. As shown in 
Figure 3C, 3D, 3G and 3H, metformin and 2-DG 
combination significantly inhibited cell invasion 
as compared to either treatment alone, though 
each treatment exhibited invasion inhibiting 
effect on both SKOV3 and hey cells.

Metformin and 2-DG combination increased 
ovarian cancer cell apoptosis and G0/G1 ar-
rest

To determine whether the increased anti-prolif-
erative effect was due to increased apoptosis 

Figure 2. Effects of metformin and/or 2-DG on cell 
viability in SKOV3 and hey cell lines. Ovarian cancer 
cells were cultured with metformin (10 mM) and/or 
2-DG (10 mM). Cell viability was assessed by CCK-8 
assay after 24, 48 and 72 hours. Results are mean 
of three independent experiments, *, P < 0.05, **, P 
< 0.01, ***, P < 0.001.
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and/or cell cycle alterations, we examined cell 
cycle and apoptosis after treatment of metfor-
min and 2-DG. According to the flow cytometric 
analysis, both metformin and 2-DG alone 
increased the number of apoptotic cells com-
pared to that observed in the untreated cells; 
additionally, the combination of two agents sig-
nificantly increased SKOV3 and hey cell apopto-
sis to 35.4% and 17.9%, respectively (Figure 
4A, 4B, 4D and 4E). In addition, these results 
were confirmed by the western blot analysis. 
Both metformin and 2-DG were able to increase 
the protein of cleaved caspase-3 while 
decrease the protein of Bcl-2 in both SKOV3 
and hey cells, and the combination of metfor-
min and 2-DG was accompanied by incre- 
ased expression of cleaved caspase-3 and 
decreased expression of Bcl-2 (Figure 4C and 

4F). In the meantime, a significant increase in 
G0/G1-phase cells was observed after treat-
ment with metformin and 2-DG combination 
comparing to any single treatment in SKOV3 
and hey cells (Figure 5A and 5C). Moreover, 
according to western blot analysis, the combi-
nation of metformin and 2-DG was accompa-
nied by decreased expression of CDK-4 and 
cyclin D1 (Figure 5B and 5D).

Metformin and 2DG combination activates 
p38 MAPK and JNK pathways

P38 MAPK and JNK are famous as stress acti-
vated protein kinases, as they can be activated 
by various stress stimuli. In addition, activation 
of p38 MAPK and JNK plays a critical role  
in natural compounds-induced apoptosis. As 

Figure 3. Effects of metformin and/or 2-DG on migration and invasion in SKOV3 and hey cell lines. Migration was 
evaluated with wound healing in SKOV3 and hey cells after treatment with metformin (10 mM) and/or 2-DG (10 mM) 
for 24 h. Invasion was evaluated with transwell assay in SKOV3 and hey cells after treatment with metformin (10 
mM) and/or 2-DG (10 mM) for 48 h. A and E: Typical picture of migration in SKOV3 and hey cells. B and F: Migration 
rate of three independent experiments, *, P < 0.05 and **, P < 0.01 for comparisons between cells treated with the 
combined treatment and cells treated with the single agent. C and G: Typical picture of invasion in SKOV3 and hey 
cells. D and H: Cell numbers of each invasion field of three independent experiments, **, P < 0.01 for comparisons 
between cells treated with the combined treatment and cells treated with the single agent.
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Figure 4. Effects of metformin and/or 2-DG on apoptosis in SKOV3 and hey cell lines. Apoptosis was evaluated with Annexin V staining in SKOV3 and hey cells after 
treatment with metformin (10 mM) and/or 2-DG (10 mM) for 48 h. A and D: Representative dot plots illustrating the data near the mean of the groups in B and E, *, 
P < 0.05 for comparisons between cells treated with the single treatment and untreated cells, **, P < 0.01 for comparisons between cells treated with the combined 
treatment and cells treated with the single agent. C and F: Western blotting analysis of cleaved-caspase 3 and Bcl-2. Western blotting of β-Actin was included as a 
loading control.
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Figure 5. Effect of metformin and/or 2-DG on cell cycle in SKOV3 and hey cell lines. Cell cycle was assayed with 
propidium iodide of SKOV3 and hey cells after treatment with metformin (10 mM) and/or 2-DG (10 mM) for 48 h. 
A and C: Histogram reflected the cell cycle distribution after treatment; **, P < 0.01 for comparisons between cells 
treated with the combined treatment and cells treated with the single agent. B and D: Western blotting analysis of 
CDK-4 and Cyclin D1. Western blotting of β-Actin was included as a loading control.

reported, many anticancer compounds can 
activate MAPK signaling, and ultimately cause 
apoptosis in cancer cells. In our previous study, 
we have shown that metformin and 2-DG could 
cause apoptosis in ovarian cancer cells. In 
order to explore related mechanism, we next 
examined the phosphorylation status of the 
p38 MAPK and JNK proteins. SKOV3 and hey 
cells were exposed to 10 mM and/or 10 mM 
2-DG for 24 h and the activations of the p38 
MAPK and JNK pathways were evaluated by 
immunoblotting. As shown in Figure 6, metfor-
min and 2-DG alone could increase the levels of 
phosphorylated p38 MAPK and JNK, and com-
bination of two drugs was accompanied by 
increased phosphorylation of p38 MPAK and 
JNK proteins. Meanwhile, the levels of cleaved 
caspase-3 were elevated after treatment of 
metformin and 2-DG. These results suggested 
that the combination of metformin and 2-DG 
regulated apoptosis in ovarian cancer cells via 
activating p38 MAPK/JNK signaling pathway.

Afterwards, we examined whether activation of 
p38 MAPK and JNK pathways was necessary 
for metformin and 2-DG-induced apoptosis in 

ovarian cancer cells. SKOV3 and hey cells were 
first pretreated with p38 MAPK inhibitor 
SB203580 and JNK inhibitor SP600125, 
respectively, before they were treated with met-
formin and/or 2-DG for additional 24 h. As 
shown in Figure 6, SB203580 and SP600125 
significantly reduced the levels of cleaved cas-
pase-3 induced by metformin and 2-DG, indi-
cating that SB203580 and SP600125 could 
protect ovarian cancer cells from apoptosis 
induced by metformin and 2-DG. These results 
suggested that apoptosis induced by metfor-
min and 2-DG in ovarian cancer cells was  
mediated by p38 MAPK and JNK signaling 
pathways.

Discussions

Targeting metabolism is a new and promising 
strategy in cancer therapy [23]. This is a par-
ticularly potential target for aggressive tumors 
such as ovarian cancer, as they are in high 
demands for energy during development and 
progression [24]. In this study, we aimed to ver-
ify the concept of targeting tumor metabolism 
in ovarian cancer cell lines using metformin, a 
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promising anti-cancer agent which can promote 
reprogramming of glucose metabolism [25], in 
combination with the glycolysis inhibitor 2-DG 
[26].

Metformin has been shown to act directly on 
mitochondria to inhibit complex I-mediated 
mitochondrial respiration and citric acid cycle 
functions [17]. In terms of impaired function of 
mitochondrial oxidation, cells increase aerobic 
glycolysis to improve bioenergetics as compen-
sation for ATP depletion. As reported in other 
studies in prostate, colon carcinoma and pedi-
atric glioma [13, 20, 21], here we show that 
ovarian cancer cells treated with metformin 
became increasingly dependent on glycolysis 
as metformin combined with 2-DG resulted in a 
greater cell inhibition than observed with 2-DG 
alone. As showed in Figure 1, ATP levels were 
decreased by metformin or 2-DG alone, sug-
gesting that both oxidative phosphorylation 
and glycolysis are essential for cells to main-
tain energy levels. Under the conditions of two 
treatments, dysfunctions of both oxidative 
phosphorylation and glycolysis resulted in a 

substantial depletion of ATP. This phenomenon 
was in agreement with the anti-proliferative 
effect, as the combination of metformin and 
2-DG had a much stronger deleterious effect 
than either agent (Figure 2). Peritoneal metas-
tasis is a big problem in ovarian cancer, which 
is one of the main reasons that the overall sur-
vival of ovarian cancer is still very low [27]. We 
further examined the effects of metformin and 
2-DG on the migration and invasion of SKOV3 
and hey cells (Figure 3). Results showed that 
either metformin or 2-DG could inhibit cell 
migration and invasion in both SKOV3 and hey 
cells, while the combination of two agents 
exhibited more significant effect. In brief, these 
results suggested that targeting metabolic 
pathways using the combination of metformin 
and 2-DG may be effective in ovarian cancer 
cells. In addition, despite of the rare lactic aci-
dosis caused by metformin [28], metformin 
and 2-DG have the clinical advantage of induc-
ing little adverse side effects.

Cell cycle machinery could regulate a variety of 
molecular events and cell fate [29]. In this pres-

Figure 6. p38 MAPK/JNK pathways mediated metformin and 2-DG-induced apoptosis in ovarian cancer cells. West-
ern blotting analysis of cleaved-caspase 3 and proteins related to p38 MAPK/JNK pathways. (A) and (B) SKOV3 
cells were treated with metformin (10 mM) and/or 2-DG (10 mM) with or without 10 μM SP600125 (A) or 10 μM 
SB203580 (B) for 24 h. (C) and (D) hey cells were treated with metformin (10 mM) and/or 2-DG (10 mM) with or 
without 10 μM SP600125 (C) or 10 μM SB203580 (D) for 24 h. Western blotting of β-Actin was included as a load-
ing control.
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ent study, we found that the combination of 
metformin and 2-DG led to a strong accumula-
tion of cells in G0/G1 in SKOV3 and hey cells. 
Additionally, G0/G1 arrest was in agreement 
with cyclin D1 degradation. Moreover, CDK4, 
expression pattern of cyclin D1 was also 
decreased by metformin and 2-DG. These 
results illustrated that the anti-proliferative 
effect of metformin and 2-DG was partially due 
to cell cycle arrest.

Metformin and 2-DG have been reported to 
induce apoptosis in prostate cancer cell lines 
which is p53-dependent [19]. In the present 
study, we also found metformin and 2-DG alone 
could induce apoptosis in SKOV3 and hey cells, 
while the combination of the two agents had 
more significant effect. In order to explore the 
mechanism how metformin and 2-DG induce 
apoptosis, we tested some signaling pathways 
related to apoptosis. P38 MAPK and JNK are 
famous as stress activated protein kinases, as 
they can be activated by various stress stimuli. 
In addition, activation of p38 MAPK and JNK 
plays a critical role in natural compounds-
induced apoptosis. As reported, many antican-
cer compounds can activate MAPK signaling, 
and ultimately cause apoptosis in cancer cells 
[30]. In agreement with these reports, metfor-
min and 2-DG alone could increase the levels of 
phosphorylated p38 MAPK and JNK, and the 
combination of two agents was accompanied 
by increased phosphorylation of p38 MPAK and 
JNK proteins. Meanwhile, the levels of cleaved 
caspase-3 were elevated after treatment of 
metformin and 2-DG. These results suggested 
that the combination of metformin and 2-DG 
regulated apoptosis in ovarian cancer cells via 
activating p38 MAPK/JNK signaling pathway.  
In addition, when we used SB203580 and 
SP600125 to inhibit p38 MAPK and JNK 
respectively, the expression of cleaved cas-
pase-3 inducing by metformin and 2-DG was 
decreased. This further suggested that apopto-
sis induced by metformin and 2-DG in ovarian 
cancer cells was mediated by p38 MAPK and 
JNK signaling pathways. 

Taken together, we showed for the first time 
that metformin in combination with 2-DG inhib-
ited growth, migration, invasion and induced 
cell cycle arrest of ovarian cancer cells in vitro. 
Particularly, metformin and 2-DG could effi-
ciently induce apoptosis in ovarian cancer cells, 
which was achieved by activating p38 MAPK 

and JNK pathways. Therefore, our findings sug-
gested that targeting cell metabolism repre-
sents a promising strategy for the treatment of 
ovarian cancer. In the future, more in vivo 
experiments could be done to verify the effects 
of metformin and 2-DG before they could be 
applied in the clinical setting.
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