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Purpose
The purpose of this study was to observe the effects of metformin on human esophageal
cancer cell and to investigate its possible mechanisms.  

Materials and Methods
Cell viability was detected by using a Cell Counting Kit-8, while cell cycle and apoptosis were
assessed by flow cytometry and western blot was used to measure the expression of the 
related proteins. RNAi was used to knockout pyruvate kinase muscle isozyme 2 (PKM2). An
Eca109 tumor model was established to evaluate the antitumor effect in vivo. Immunohis-
tochemistry was determined based on the expression of PKM2 and Bim in tumor tissues.
Tunnel was used to assess tumor cell apoptosis. 

Results
Esophageal cancer cells viability was reduced after metformin treatment. The cell cycle was
arrested in the G0/G1 phase, apoptosis was induced, caspase 3 was activated, caspase 9
was downregulated, and the pro-apoptotic protein Bim increased. Further study revealed
that metformin could suppress the expression of insulin-like growth factor 1 receptor and
its downstream proteins, phosphoinositide 3-kinase (PI3K), protein kinase B (AKT/PKB),
phosphorylation of AKT (pAKT), mammalian target of rapamycin (mTOR), p70S6K, and
PKM2. Insulin-like growth factor 1 partly reversed metfromin-induced apoptosis and atten-
uated the repression effect of metfomin to PI3K, pAKT, and PKM2. Knockout PKM2 
resulted in the activation of caspase 3, down-regulation of caspase 9, and increased 
expression of Bim. In the Eca109 xenograft model, metformin significantly reduced tumor
growth. Furthermore, we found that metformin treatment increased the rate of apoptosis,
down-regulation of PKM2, and up-regulation of Bim in tumor tissues.  

Conclusion
Metformin restrained esophageal cancer cell proliferation partly by suppressing the
PI3K/AKT/mTOR pathway.
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Introduction

Esophageal carcinoma is a common malignant tumor
worldwide [1,2]. Indeed, more than 300,000 people world-
wide died from esophageal cancer, of which 150,000 were
Chinese in 2012 [3,4]. Current treatments for esophageal can-
cer include surgery, chemotherapy, and radio-chemother-

apy; however, there all have limited effects on the disease.
Therefore, it is essential to find new curative approaches to
treatment of esophageal cancer.   

Several studies [5,6] have shown a close link between type
2 diabetes and the risk of some solid cancers. Patients with
type 2 diabetes show increased risk of developing a range of
different cancers, including colorectal, breast, and liver can-
cer [6-9]. Hyperinsuliemia [10] plays a crucial role in increas-
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ing cancer risk for people with type 2 diabetes. Metformin,
an anti-diabetic drug, has been extensively employed for the
treatment of type 2 diabetes to reduce blood glucose concen-
tration and increase insulin sensitivity. These factors are
likely to be associated with increased cancer risk. Accumu-
lating evidence [11-13] has shown that diabetic patients
treated with metformin display a reduced incidence of neo-
plastic disease and might improve cancer prognosis, includ-
ing that of human esophageal cancer cell (ESCC), in clinical
trials. Metformin [14-16] also shows evident inhibitory and
pro-apoptotic effects in mice tumor models. However, the
antitumor mechanisms of metformin remain elusive.

Previous reports [17,18] have shown that the antitumor
mechanisms of metformin were partly attributed to activa-
tion of AMP-activated protein kinase (AMPK). AMPK can
suppress the expression of mammalian target of rapamycin
(mTOR), which can negatively regulate tumor growth and
promote cancer cells apoptosis [19]. Furthermore, it has been
argued [20] that metformin affects the insulin/insulin-like
growth factor (I/IGF) pathway and decreases the expression
of insulin-like growth factor 1 receptor (IGF-1R). IGF-1R
[20,21], a receptor tyrosine kinase, is over-expressed in sev-
eral types of cancer, including human ESCC. IGF-1R can 
activate the phosphoinositide 3-kinase (PI3K)/AKT/mTOR
signaling pathway to regulate cell proliferation, survival, and
angiogenesis. Moreover, IGF-1R can be used as an indicator
and targets for cancer therapy. Pyruvate kinase muscle
isozyme 2 (PKM2), which is a downstream molecule in the
PI3K/AKT/mTOR pathway that plays a crucial role in the
Warburg effect, is overexpressed in nearly all tumor cells.
Studies [22-24] have shown that PKM2 contributes to tumor
growth, which may partly be attributed to its involvement
in cellular energy control and glucose metabolism. PKM2 
depletion decreases the ability of human tumor cell lines to
form tumors [25]. Inhibiting the PI3K/AKT/mTOR pathway
may down-regulate PKM2 expression and alter cancer 
metabolism. Therefore, metformin could decrease the expres-
sion of IGF-1R to inhibit the PI3K/AKT/mTOR/PKM2 sig-
naling pathway and suppress tumor growth, which may be
a novel mechanism in human ESCC cancer.  

In this study, we evaluated the antitumor activity of met-
formin in human ESCC cells. The results showed that met-
formin inhibited proliferation of ESCC cells, as well as
induced cell cycle arrest and apoptosis. Furthermore, we
found that metformin activated caspase 3, downregulated
caspase 9, and increased the pro-apoptotic protein, Bim. To
explore the underlying mechanisms, we observed the role of
the PI3K/AKT/mTOR pathway in metformin mediated-
antitumor response and found that it decreased the expres-
sion of IGF-IR, PI3K, AKT, pAKT, mTOR, and PKM2. IGF-1
partly reversed the antitumor effect of metformin in vitro. To
explain determine if the down-regulation of PKM2 is 

associated with up-regulation of Bim, we depleted the PKM2
gene in ESCCs. We found that knockout PKM2 resulted in
activation of caspase 3, downregulation of caspase 9 and 
increased expression of Bim. In addition, metformin reduced
tumor burden in an ESCC xenograft animal model. In con-
clusion, our results supported that metformin has the ability
to inhibit the proliferation of ESCCs, which may lead to sup-
pression of the PI3K/AKT/mTOR signaling pathway.

Materials and Methods

1. Cell culture and regents 

Eca109 and EC9706 were provided from American Type
Culture Collection. Cells were maintained in 1640 media con-
taining 10% fetal bovine serum in a humidified incubator at
37°C under 5% CO2.

Metformin was purchased from Sigma (San Francisco,
CA). Antibodies against caspase 3, cleaved caspase 3, caspase
9, Bcl-2, Bid, Bim, and PKM2 were purchased from Abcam
(Cambridge, MA). IGF-IR, PI3K, AKT, pAKT, mTOR, and
p70S6K were purchased from Cell Signaling Technology
(Danvers, MA). !-Actin and rabbit secondary antibody were
purchased from ZSGB-Bio (Beijing, China). A TUNEL stain-
ing In Situ Cell Death Detection Kit was obtained from
Promega (Madison, WI). Cell Counting Kit-8 (CCK-8) was
purchased from Nan Jing Jian-Cheng Bioengineering (Nan-
jing, China).

2. CCK-8 viability assay 

The inhibitory effect of metformin was assessed by cell 
viability using CCK-8 assay. Cells were grown in 96-well
plates at 5"103 cells per well and cultured overnight at 37°C.
Different concentrations of metformin were used to treat cells
for 24 hours and 48 hours. The absorbance was determined
at 450 nm using microplate reader.

3. Flow cytometric assay

Cells were collected and seeded into 6-well plates at 4"105

cells per well, then maintained for 24 hours. Next, cells were
treated with metformin (10 and 20 mM) for 24 hours. Cell
cycle and apoptosis were determined by flow cytometry 
according to the manufacturer’s protocol (Boster, Wuhan,
China). The results were indicated as the mean±standard 
diviation.
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4. Western blot

Cells were collected and lysed using RIPA buffer (ZSGB-
Bio) containing phenylmethanesulfonylfluoride. Total pro-
tein was extracted and determined using a BCA Protein
Assay Kit. Total protein was separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis, then transferred
to polyvinylidene fluoride membrane. The first antibodies
were added at the proper dilution and incubated at 4°C
overnight, after which the appropriate horseradish peroxi-
dase (HRP)–conjugated secondary antibody was added at
the appropriate dilution and incubated for 60 minutes. 
Finally, the bands were examined by enhanced chemilumi-
nesence reagents.

5. Transfection with small interference RNA 

The PKM2 small interference RNA (siRNA) and control
were obtained from Genepharma (Shanghai, China). Eca109
or EC9706 cells were seeded in a 12-well plate (3"105

cells/well) and transfected with 50 nM siRNA using Lipo-
fectamine 2000 Transfection Reagent (Thermo Fisher Scien-
tific, Waltham, MA). At 48 hours after transfection, the total
cell extracts were collected for western blot, which was con-
ducted using the siRNAs listed as follows: PKM2: siRNA 5"-

GGCUUCUUAUAAGGUUUATT-3"; negative control 5"-
   UUCUCCGAACGUGUCACGUTT-3".

6. Real-time fluorescent quantitative polymerase chain 
reaction

Trizol reagent (Bioo Scientific Co., Austin, TX) was used to
extract the total RNA from cultured cells (Eca109 and
EC9706). !-Actin and Bim mRNA were first reversed to gen-
erate a first-strand synthesis of DNA. Real-time fluorescent
quantitative polymerase chain reaction (PCR) was performed
using SYBR Green PCR Master Mix (Applied Biosystems,
Foster City, CA) with the following primers: Bim: forward
5"-TAAGTTCTGAGTGTGACCGA-GA-3", reverse 5"-GCT-
CTGTCTGTAGGGAGGTAGG-3"; !-actin: forward 5"-ATG-
CCAACACAGTGTTGTCTGG-3", reverse 5"-TACTCCTGC-
TTGCTG ATCCACAT-3".

7. Tumor xenograft model

Nude mice (6-week old) were used to establish an Eca109
tumor model. First, Eca109 cells were harvested, after which
the mice were injected subcutaneously with 5"106 tumor cells
in the dorsal area. The mice were then randomly divided into
control and treatment groups (5 mice per group) after 7 days.
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Fig. 1. Metformin inhibited the proliferation of esophageal cancer cells. Eca109 and EC9706 cells were treated with metformin
(0, 5, 10, 20, and 40 mM) for 24 hours and 48 hours. Cell viability was determined by Cell Counting Kit-8. (A) Metformin 
reduced Eca109 cell viability. (B) Metformin decreased EC9706 cell viability. Data represent the mean±standard deviation of
three independent experiments (*p < 0.05, **p < 0.01).
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Fig. 2. Metformin induced cell cycle arrest and apoptosis in esophageal cancer cell cells. Eca109 and EC9706 Cells were
treated with metformin (10 and 20 mM) for 24 hours. To investigate the cell cycle, cells were stained with propidium iodide
(PI) according to the manufacturer’s instructions. For apoptosis determination, cells were analyzed by flow cytometry after
staining with Annexin-V/PI according to the manufacturer’s instructions. (A) Typical flow cytometric graph of cell cycle.
(B) The percentage of cells in each cell cycle phase. The results showed that metformin blocked cell arrest in the G0/G1
phrase in Eca109 and EC9706. (C) Typical flow cytometric graph of apoptosis. (Continued to the next page)
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Next, mice in the treatment group were given metformin
(300 mg/kg) via intraperitoneal injection, while those in the
control group were administered normal saline (100 µL).
Treatments were performed for 21 days, during which time
tumor volumes (v=0.52"width2"length) were determined
every 3 days. 

8. Immunohistochemistry

Tumor tissues were embedded in paraffin, then sectioned
(4 µm). Next, sections were deparaffinized, rehydrated with
phosphate buffered saline containing H2O2 (3%). Immunos-
taining was then undertaken using anti-mouse PKM2 (1:100)
and Bim (1:100) monoclonal antibody at 4°C. HRP-labeled
second antibody was then used to combine with the primary
antibody. An HRP-IgG antibody kit (Boster) was employed
according to the manufacturer’s instructions and immunos-
taining results were quantified by counting cells positively
stained with PKM2 and Bim in six consecutive and inde-
pendent fields near the center of each section. 

9. Quantitative assessment of apoptosis

Tumor tissues were fixed in 10% formalin, then embedded
in paraffin, after which apoptosis was assessed using termi-

nal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL; DeadEnd Fluorometric TUNEL System, Promega)
according to the manufacturer’s instructions.

10. Statistical analysis

Data were analyzed by t tests conducted using SPSS ver.
17.0 (SPSS Inc., Chicago, IL). A p < 0.05 was considered to 
indicate significance. 

Results

1. Metformin inhibited the proliferation of ESCCs 

Eca109 and EC9706 cells were treated with different con-
centrations of metformin (0, 5, 10, 20, and 40 mM) for 24
hours and 48 hours. CCK-8 assay was used to determine the
cell viability. The results showed that metformin inhibited
the proliferation of ESCCs in a time and dose-dependent
manner (Fig. 1A and B).
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Fig. 2. (Continued from the previous page) (D) The percentage of apoptotic cells. The results showed that metformin increased
the rate of apoptosis in Eca109 and EC9706. (E) The expression of apoptosis-related proteins. Eca109 and EC9706 were treated
with metformin. At 24 hours after treatment, the cells were lysed and subjected to immunoblot analysis. The levels of caspase
3, caspase 9, cleaved caspase 3, Bcl-2, Bim, and Bid were detected. Data represent the mean±standard deviation from three
independent experiments (*p < 0.05 and **p < 0.01 compared to control, n=3).
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2. Metformin induced G0/G1 phase cell cycle arrest and
apoptosis 

To explore the possible mechanisms through which met-
formin suppressed the growth of ESCC, cell cycle and apop-

tosis were determined by flow cytometry after metformin
treatment. When compared to the control, G0/G1 cells had
accumulated (Fig. 2A and B) and apoptosis cells had 
increased in the experimental group (Fig. 2C and D).

The apoptosis-related proteins expression were detected
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Fig. 3. Metformin suppressed the PI3K/AKT/mTOR signaling pathway. Eca109 and EC9706 cells were treated with met-
formin (0, 10, and 20 mM) for 24 hours. Total proteins were extracted as previously described. (A) Western blot analyses of
IGF-1R, PI3K, AKT, pAKT, mTOR, p70S6K, and PKM2. Metformin reduced the IGF-1R expression and suppressed the
PI3K/AKT/mTOR/PKM2 pathway. (B) Graph depicts densitometric analyses of IGF-1R, PI3K, AKT, pAKT, mTOR, p70S6K,
and PKM2 normalized by !-actin (*p < 0.05 and **p < 0.01 compared to control, n=3). PI3K, phosphoinositide 3-kinase; pAKT,
phosphorylation of AKT; mTOR, mammalian target of rapamycin; PKM2, pyruvate kinase muscle isozyme 2; IGF-1R, 
insulin-like growth factor 1 receptor.
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by western blot. The results clearly showed that metformin
activated caspase 3, down-regulated caspase 9, and up-reg-
ulated Bim. Bcl-2 and Bid remained unchanged (Fig. 2E).

3. Metformin suppressed PI3K/AKT/mTOR signaling path-
way

To examine the potential molecular mechanisms for met-
formin antitumor effects, we detected the expression of IGF-
IR, PI3K, AKT, pAKT, mTOR, p70S6K, and PKM2 by western
blot. The results revealed that metformin reduced IGF-IR,
PI3K, AKT, pAKT, mTOR, p70S6K, and PKM2 in EC109 and
EC9706 cells (Fig. 3A and B). 

4. IGF partly reversed the effect of metformin-induced
apoptosis and attenuated the repression effect of met-
formin on the PI3K/AKT/mTOR/PKM2 pathway 

To determine whether the effects of metformin mediated-

apoptosis on Eca109 and EC9706 cells were associated with
the IGF-IR/PI3K/AKT/mTOR pathway, insulin growth fac-
tor (IGF) treatment (100 ng/mL) was carried out 2 hours 
before metformin was added, after which apoptosis was 
detected by flow cytometry. The results showed that IGF
partly reversed the effects of metformin-induced apoptosis
in Eca109 and EC9706 (Fig. 4A and B). Furthermore, IGF 
attenuated the repression effect of metfomin on PI3K, pAKT,
mTOR, and PKM2 (Fig. 4C). These results suggest that the
effects of metformin-induced apoptosis may be connected
with the PI3K/AKT/mTOR/PKM2 signaling pathway. 

5. Knockdown PKM2 altered apoptosis-related protein 
expression

To explain the relationship between the PI3K/AKT/
mTOR/PKM2 signaling pathway and apoptosis, we dep-
leted PKM2 to detect the expression of apoptosis-related pro-
teins in Eca109 and EC9706. Knockdown of PKM2 activated
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results showed that knockout PKM2 activated caspase 3 and downregulated caspase 9. Bim protein expression was 
evidently increased. (B) Bim mRNA level was increased in depletion PKM2 esophageal cancer cells. PKM2, pyruvate kinase
muscle isozyme 2; NC, normal control.
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caspase 3 and down-regulated the expression of caspase 9.
Bim was notably upregulated and the Bim mRNA level was
increased by PKM2-specific siRNA (Fig. 5). These results
were consistent with the change in apoptosis-related proteins
caused by metformin. Based on our findings, metformin 
increased the expression of the pro-apoptosis protein Bim,
partly due to the suppression of the PI3K/AKT/mTOR/
PKM2 signaling pathway.    

6. Antitumor effect of metformin in vivo

To further assess the effects of metformin on ESCC prolif-
eration in vivo, an Eca109 tumor model was established in
nude mice. We found that metformin treatment decreased
the tumor burden and that the inhibition rate reached up to
48.41% in the experimental group when compared with the
control (Fig. 6A and B). Furthermore, we found that met-
formin reduced the expression of PKM2 and increased the
expression of Bim in the tumor tissue (Fig. 6C and D). More-
over, evaluation of apoptosis by TUNEL staining revealed
that there were more apoptotic cells in the experimental
group than the control (Fig. 6E and F). Overall, these results
indicate that increasing apoptosis may be related to the anti-
tumor effect of metformin in the Eca109 model. 

Discussion

In this study, we investigated the antitumor effects of met-
formin on ESCCs in vitro and in vivo. The results showed that
metformin decreased the cell viability (Fig. 1) and induced
cell cycle arrest and apoptosis (Fig. 2). Furthermore, met-
formin activated caspase 3, decreased caspase 9, and increa-
sed the expression of Bim. Potential mechanisms of anti-
tumor activity have been investigated, and the results have
shown that they may be associated with inhibition of the
PI3K/AKT/mTOR/PKM2 signaling pathway (Fig. 3). IGF
partly reversed the effects of metformin-mediated apoptosis,
further confirming that metformin exerts its anti-tumor 
effects in connection with the PI3K/AKT/mTOR/PKM2 sig-
naling pathway (Fig. 4). To explore the association between
suppressing PI3K/AKT/mTOR/PKM2 and apoptosis, apop-
tosis-related proteins were detected after knockdown of
PKM2 in Eca109 and EC9706 cells. We found that PKM2 
depletion activated caspase 3 and reduced caspase 9. Bim
protein expression was substantially increased and Bim
mRNA level was up-regulated after PKM2 depletion (Fig. 5).
In vivo, we found that metformin reduced tumor burden 
(Fig. 6A and B), and that this was accompanied with down-
regulation of PKM2 and up-regulation of Bim in the tumor

tissue (Fig. 6C and D). To the best of our knowledge, this is
the first study to demonstrate that the PI3K/AKT/mTOR/
PKM2 signaling pathway is a target of metformin in human
ESCCs. 

Although previous studies [26,27] showed that metformin
inhibited proliferation of ESCC, the mechanisms responsible
for this effect remained controversial. Currently, there are
two main theories regarding that the mechanism through
which metformin exerts its effects. In one, its effects are 
believed to occur through AMPK dependent and AMPK 
independent mechanisms under different cellular settings. It
has been suggested [26,27] that metformin affects the
AMP/ATP balance and active AMPK, which could nega-
tively regulate mTOR signaling, further inhibiting protein
synthesis and regulating the phosphorylation of different
proteins. The other possibility [28,29] is that antitumor effects
are linked to the ability of metformin to inhibit transcription
of key gluconeogenesis genes in the liver and stimulate glu-
cose uptake in muscle, increasing insulin sensitivity and 
reducing blood glucose while lowering the insulin level. 
A recent report [30] showed that metformin promoted 
autophagy and apoptosis in ESCC by down-regulating the
STAT3 signaling pathway.

In the present study, we corroborate and extend the results
of previous studies. We mainly investigated whether met-
formin affects the I/IGF pathway to inhibit the proliferation
of ESCCs. Overexpression of IGF-1R [20,31] has been 
reported in human esophageal carcinoma cells. Specifically,
overexpression can be activated by IGF-1 or IGF-2, which 
induces the PI3K/AKT/mTOR signaling pathway, resulting
in survival and proliferation in various cancer cells. Thus, 
inhibition of IGF-1R [21] may be effectively block tumor
growth in human ESCC. Our results verify that metformin
down-regulates the expression of IGF-1R, which suppresses
the PI3K/AKT/mTOR/PKM2 pathway in ESCCs. IGF can
partly block metformin-induced anti-tumor effects and 
attenuate the repression action of metfomin toward PI3K, 
pAKT, mTOR, p70S6K, and PKM2. PKM2, a downstream
molecule of PI3K/Akt/mTOR signaling pathway, plays a
crucial role in regulation of the metabolic fate of glycolytic
intermediates for cancer cells [32]. Knockdown of PKM2 [33]
caused increased apoptosis in many cancer cell lines. Inhibi-
tion of PI3K/AKT/mTOR down-regulates PKM2 expression
and suppresses cancer metabolism, which has been con-
firmed in other various cancer cell lines. We found that met-
formin decreased the expression of PKM2 in esophageal
cancer, suggesting that  reducing PKM2 expression repre-
sents a general mechanism of metformin cytotoxicity, not
limited for gastric cancer [34] and  breast cancer [35]. In order
to explain the association between PKM2 and apoptosis, we
found knockdown PKM2 activated caspase 3 and down-reg-
ulated caspase 9. The pro-apoptosis protein Bim increased
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after PKM2 depletion. Overall, our results revealed that 
induction of apoptosis by metformin may be associated with
down-regulation of PKM2 in human ESCC cells.

We further confirmed that metformin decreased the tumor
burden in vivo, showing that metformin treatment may be 
effective against ESCC. Following metformin treatment,
down-regulation PKM2 and up-regulation Bim were consis-
tent with the previous in vitro results. We also observed that
metformin induced tumor cells apoptosis. Most importantly,
there were no significant adverse effects in the metfromin-
treated mice. These findings indicate that metformin has 
potential antitumor effects in human ESCC.

However, it should be noted that the present study has
some limitations. Specifically, we are not sure how met-
formin affects the expression of PKM2. It may bind PKM2
directly or indirectly influence the expression of PKM2;
therefore, further study is needed. Moreover, the high dose
of metformin used in this experimental setting may not be
easy to transform to a clinical application. Accordingly, more
clinical trials are needed to confirm the anti-tumor effects of
metformin.

Conclusion

In conclusion, our results confirm that metformin inhibits
the proliferation of ESCCs in vitro and vivo. These effects may
be attributed to metformin inducing cell cycle arrest and
apoptosis. The molecular mechanisms are connected with 
inhibition of the PI3K/AKT/mTOR/PKM2 signaling path-
way. Our results support that metformin may become a
novel and effective therapeutic agent for the treatment of
esophageal cancer.
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