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Abstract. The multi‑kinase inhibitor sorafenib is the only drug 
for which randomized control trials have shown improved 
patient survival in advanced hepatocellular carcinoma (HCC). 
However, life expectancy is extended in these cases by only a 
few months. The anti‑type II diabetes agent metformin was 
used in this study in an effort to find a more efficient approach 
to HCC treatment. Sorafenib effectively reversed the activa-
tion status of mTORC2 induced by metformin and enhanced 
the suppression of the mTORC1 and MAPK pathway by 
metformin in HCC cells, which may be responsible for reduced 
proliferation upon combined treatment. The metformin and 
sorafenib combination led to increased impaired proliferation 
and tumor inhibition of HCC in vitro and in vivo compared 
to single agent, which was partially bridged by disrupting the 
mTORC1/mTORC2 feedback loop. Metformin and sorafenib 
cooperated to promote apoptosis and autophagy in HCC cells. 
Pharmacological inhibition of autophagy sensitized HCC 
cells to metformin and sorefenib‑induced apoptotic cell death. 
Therefore, the anti‑autophagy treatment should be considered 
in metformin and sorafenib-based treatments in HCC cells.

Introduction

Liver cancer is one of the most common cancers and the third 
major cause of cancer‑related mortality worldwide (1,2). As a 
major histological subtype, hepatocellular carcinoma (HCC), 
account for 70 to 80% of primary liver cancers (3). Despite 
improvements in clinical treatments, such as surgical resec-
tion, liver transplantation and interventional therapy, HCC 
prognoses remain very poor (1).

Conventional chemotherapies for liver cancer are gener-
ally ineffective and the multi‑kinase inhibitor sorafenib 
is the only drug for which randomized control trials have 
shown an improved survival in advanced HCC (4). Sorafenib 
inhibits tumor growth through inducing tumor cell apoptosis 
by suppressing the kinase activity of Raf, an enzyme of the 
mitogen‑activated protein kinase (MAPK) signaling pathway. 
In addition, sorafenib inhibits VEGF receptor (VEGFR) and 
platelet‑derived growth factor receptor‑β (PDGF‑β) signaling 
to block tumor angiogenesis (5). However, sorafenib is proved 
to merely extend the life expectancy of patients with HCC 
by a few months (4,6) because of the heterogeneity of HCC. 
Therefore, sorafenib is insufficient to suppress HCC for both 
primary and secondary drug resistance.

Metformin, a first‑line oral anti‑type II diabetes agent used 
worldwide, suppresses tumorigenesis, according to recent 
epidemic and laboratory studies (7,8). Various explanations 
for the efficacy of metformin have been proposed, such as 
the activation of AMPK and the inhibition of insulin‑like 
growth factor signaling and the mammalian target of 
rapamycin  (mTOR) pathway  (9). In patients with type  II 
diabetes mellitus, metformin reduced HCC risk and seemed 
to suppress HCC development (10). In our previous studies, 
we explored the anti‑proliferative effect of metformin in intra-
hepatic cholangiocarcinoma (ICC) cell lines (11). Metformin 
may enhance the chemosensitivity of ICC to sorafenib by 
targeting the AMPK/mTOR complex  1 pathway and the 
MAPK pathway. In addition, metformin reversed multi‑drug 
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resistance (MDR) in the HCC BEL/FU cell line by targeting 
mTOR/HIF‑1α/p‑gp/MRP1 (12).

Agent combination based chemotherapy is common used 
for cancer patients. To develop a novel approach to benefit 
sorafenib based HCC treatment, we designed this study to 
evaluate the therapeutic effects and the underlying molecular 
mechanisms of a combined sorafenib and metformin treatment 
in a series of pre‑clinical studies.

Materials and methods

Reagents. 1,1‑Dimethylbiguanide hydrochloride (metformin, 
#D150959‑5G), chloroquine (CQ, #C6628) and 3‑methylad-
enine (3MA, #M9281) was purchased from Sigma‑Aldrich 
(St. Louis, MO, USA); sorafenib (C21H16ClF3N4O3C7H8O3S, 
CAS 475207‑59‑1) was purchased from Selleck Chemicals 
(Houston, TX, USA); and the cell counting kit‑8 (CCK‑8, 
KGA317), the Annexin  V‑FITC apoptosis detection kit 
(KGA108), the terminal deoxynucleotidyltransferase‑mediated 
deoxyuridine triphosphate (dUTP) nick‑end labeling (TUNEL) 
assay kit (KGA707), the cell cycle detection kit (KGA512) and 
the ROS detection kit (KGT010) were purchased from KeyGen 
Biotech (Nanjing, China). The Histostain™‑Plus kits (IgG/Bio, 
S‑A/HRP, DAB) were purchased from Zhongshan Golden 
Bridge Co., Ltd. (Beijing, China).

Cell culture. The HCC cell lines Bel‑7402 and HepG2 were 
purchased from the Type Culture Collection of the Chinese 
Academy of Sciences (Shanghai, China). The cell lines were 
cultured in RPMI‑1640 supplemented with 10% fetal bovine 
serum (FBS) (both from Gibco, Carlsbad, CA, USA) and 
100 µg/ml each of penicillin and streptomycin (Invitrogen, 
Carlsbad, CA, USA) in 5% CO2 at 37˚C.

Antibodies. The following antibodies were used in western 
blot analysis: β‑actin (sc‑47778, diluted 1:1,000) was from 
Santa  Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). 
AKT (ab126811, diluted 1:1,000) and phosphorylated AKT 
(phospho‑Ser473, ab66138, diluted 1:1,000) were from 
Abcam (Cambridge, MA, USA). Caspase‑3 (AP7563C, 
diluted 1:1,000), cleaved caspase‑3 (AJ1131b, diluted 
1:1,000), CDK4 (AP7520b, diluted 1:1,000) and cyclin D1 
(AP2612c, diluted 1:1,000) were from Abgent (San Diego, 
CA, USA). AMPKα (#2532, diluted 1:1,000) and phosphory-
lated AMPKα (phospho‑Thr172, #2535, diluted 1:1,000), 
mTOR (#2983, diluted 1:1,000), phosphorylated mTOR 
(phospho‑Ser2448, #5536, diluted 1:1,000), phosphorylated 
mTOR (phospho‑Ser2481, #2974, diluted 1:1,000), phos-
phorylated Raptor (phospho‑Ser792, #2083, diluted 1:1,000), 
phosphorylated  p70 S6 kinase (phospho‑Thr389, #9234, 
diluted 1:1,000), phosphorylated 4E‑BP1 (phospho‑Thr37/46, 
#2855, diluted 1:1,000), PARP (#9532, diluted 1:1,000), cleaved 
PARP (#5626, diluted 1:1,000), ERK (#4696, diluted 1:2,000), 
phosphorylated ERK (phospho‑Thr202/Tyr204, #4370, diluted 
1:2,000), Ki‑67 (#9449, diluted 1:1,000), LC3‑I/II (#12741, 
diluted 1:1,000) and p62 (#8025, diluted 1:1,000) were from 
Cell Signaling Technology, Inc. (Danvers, MA, USA). Goat 
anti‑rabbit and goat anti‑mouse IgG peroxidase‑conjugated 
secondary antibodies (31460 and 31430, both diluted 1:10,000) 
were from Thermo‑Pierce (Rockford, IL, USA). The following 

antibodies used in the IHC assays were as described above: 
phosphorylated mTOR (phospho‑Ser2448, diluted 1:200), 
phosphorylated mTOR (phospho‑Ser2481, diluted 1:200), 
phosphorylated AKT (phospho‑Ser473, diluted 1:200), phos-
phorylated ERK (phospho‑Thr202/Tyr204, diluted 1:200), 
cleaved caspase‑3 (diluted 1:200), and Ki‑67 (diluted 1:200).

Cell viability assay. Cell viability was determined using the 
CCK‑8 assay according to the manufacturer's instructions. 
Cells (5x103) were seeded into a well of a 96‑well plate and 
cultured in 100 µl of RPMI‑1640 supplemented with 10% FBS, 
100 µg/ml penicillin and 100 µg/ml streptomycin. After 24 h, 
the agents (10 mmol/l metformin and/or 5 µmol/l sorafenib) 
was added to the culture medium. After the cells were incu-
bated at 37˚C for different times (24, 48 or 72 h), the medium 
was changed for 100 µl of RPMI‑1640 and 10 µl of CCK‑8 
reagent. The cells were incubated for 2 h at 37˚C. Finally, 
the optical density was measured using an EnSpire™ 2300 
Multilabel Reader (Perkin‑Elmer, Waltham, MA, USA) at 
450 nm. Five replicates were prepared for each condition. The 
mean values were calculated and growth curves were drawn.

Clonogenic assay. The inhibitory effect of metformin and 
sorafenib on HCC cell proliferation was also determined by 
clonogenic assay. Logarithmic‑phase HCC cells were trypsin-
ized and collected, and the resuspended cells were seeded into 
6‑well plates in triplicates at a density of 500 cells/well in 2 ml 
of medium containing 10% FBS. After a 24 h incubation, the 
cultures were replaced with fresh medium containing 2% FBS 
and 5 mmol/l metformin, 2.5 µmol/l sorafenib or their combi-
nation and grown for 10 days. The cell clones were stained 
with a solution containing 1% crystal violet and 25% methanol 
for 2 min. The excess dye was removed by gently rinsing with 
tap water for 15 min. The average surface of the clones was 
determined by Image Pro Plus 6.0 software.

Western blot analysis. Cells after different treatments or 
tumor tissues from xenografts were harvested and lysed in 
RIPA buffer (KGP702) supplemented with 1 mM phenylmeth-
ylsulfonyl fluoride (PMSF; KGP610) and 1 mM phosphatase 
inhibitor cocktail (KGP602; all from KeyGen Biotech). The 
mixture was centrifuged at 12,000 x g for 20 min and the 
supernatant was collected. The protein concentration was 
determined using the BCA assay kit (KGPBCA) and each 
sample contained 30  µg protein per 10  µl. The protein 
samples were mixed with loading buffer (KGP101) and the 
proteins were separated using 6, 8 or 10% sodium dodecyl 
sulfate‑polyacrylamide gel electrophoresis (SDS‑PAGE) 
followed by transfer to polyvinylidenedifluoride (PVDF) 
membranes (Bio‑Rad Laboratories, Hercules, CA, USA). After 
soaking in blocking buffer for 2 h, the blots were incubated 
with the primary antibody with gentle agitation overnight at 
4˚C and were subsequently incubated at 37˚C for 1 h with the 
HRP‑conjugated secondary antibody. The bands were visual-
ized by chemiluminescence, imaged using a ChemiDoc XRS 
and analyzed using Image Lab (both from Bio‑Rad).

Cell cycle, apoptosis and ROS evaluation. To evaluate the 
effects of metformin on cell cycle arrest, induction of apop-
tosis and intracellular ROS, the cells were examined using the 
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cell cycle detection kit, the Annexin V‑FITC apoptosis detec-
tion kit and the ROS detection kit, respectively, according 
to the manufacturer's protocols. Bel‑7402 and HepG2 cells 
were seeded into 6‑well plates (5x104 and 1x105 cells/dish for 
analysis of cell cycle arrest and apoptosis, respectively) and 
incubated for 24 h. For cell cycle analysis, after treatment with 
agents for 48 h, a total of 1x106 cells was pelleted by centrifu-
gation and washed twice with PBS. Then, the cell pellets were 
resuspended in 500 µl of ice‑cold 70% ethanol and incubated 
at 4˚C overnight. The fixed cells were centrifuged and the 
pellets were washed with PBS. After incubation with 100 µl 
RNase A (10 µg/ml) for 30 min at 37˚C in the dark, the cells 
were resuspended in 400 µl propidium iodide (PI) (50 µg/ml) 
and placed at 4˚C in the dark for 30 min. The stained cells 
were analyzed using an Accuri C6 flow cytometer (Accuri 
Cytometers Inc., Ann Arbor, MI, USA).

For the apoptosis analysis, the cells were trypsinized, 
washed with cold PBS and suspended in PBS. Then, the cells 
were stained using the Annexin V‑FITC reaction reagent (5 µl 
of Annexin V‑FITC, 5 µl of PI) at 37˚C for 30 min in the dark. 
The stained cells were analyzed using an Accuri C6 flow 
cytometer (Accuri Cytometers Inc.).

For the detection of intracellular ROS, an oxidation‑sensi-
tive fluorescent probe (DCFH‑DA) was used. After treatment 
with agents for 24 h, a total of 1x106 cells was trypsinized 
and pelleted by centrifugation and washed twice with PBS. 
Then, the cell pellets were resuspended in 1 ml RPMI‑1640 
(serum‑free) with 10  µm/l DCFH‑DA and incubated for 
20 min at 37˚C. The positive control was treated with Rosup 
according to the manufacturer's protocol (data not shown). 
The stained cells were analyzed using an Accuri C6 flow 
cytometer (Accuri Cytometers Inc.). The FL1‑A received the 
fluorescence induced by DCF. For each sample, 20,000 events 
were collected.

Xenograft model analysis. To investigate the anti‑prolifer-
ative effect of metformin and sorafenib in combination on 
HCC cells in vivo, a nude mouse model bearing HCC cell 
xenografts was established. Five‑week‑old male athymic 
nude mice were obtained from the Animal Facility of 
Dalian Medical University. The mice were maintained under 
pathogen‑free conditions and were provided with sterilized 
food and water. First, 5x106 Bel‑7402 cells were injected 
subcutaneously into the right flank near the hind leg of 
each nude mouse. When the mice bore palpable tumors (the 
tumor volume was ~100 mm3), they were randomly divided 
into control [100 µl normal saline (NS) by intraperitoneal 
injection plus 100 µl 1% dimethyl sulfoxide (DMSO)] and 
0.5% carboxymethyl cellulose [(CMC)‑Na sterile water), 
metformin (200  mg/kg/day by intraperitoneal injection 
plus 100 µl 1% DMSO and 0.5% CMC‑Na sterile water)], 
sorafenib (30 µg/kg/day by intragastric administration plus 
100 µl NS by intraperitoneal injection) and combination 
(metformin, 200  mg/kg/day by intraperitoneal injection 
plus sorafenib 30 µg/kg/day by intragastric administration) 
groups (n=6 animals/group). The treatments were performed 
for 4 weeks, 5 times/week. The tumor volume was detected 
every week and was calculated by the following formula: 
volume = 1/2 (length x width2). After 4 weeks, the mice were 
euthanized and the tumors were isolated.

Immunohistochemical staining. The tumors isolated from the 
mice were paraffin-embedded and cut into 10 µm sections in a 
microtome cryostat (HM 500 OM; Carl Zeiss, Jena, Germany). 
Immunohistochemical staining was conducted according to 
the manufacturer's protocols for the Histostain™‑Plus kits. 
Primary antibodies (as described in the antibodies section) 
were incubated at 4˚C overnight. Images were captured with 
a light microscope (Axiolab; Carl Zeiss) and 5 images/sample 
were prepared. The Image‑Pro Plus 4.5 software was used to 
analyze the staining data.

TUNEL assay. In situ detection of apoptotic cells in the tumors 
isolated from the mice was performed by TUNEL assay. The 
tumors were paraffin embedded and cut into 10 µm sections in 
a microtome cryostat (HM 500 OM; Carl Zeiss). The TUNEL 
assay was conducted according to the manufacturer's proto-
cols. 3,3‑diaminobenzidine (DAB) was used as the substrate 
for the peroxidase. The images were captured with a light 
microscope (Axiolab; Carl Zeiss) and 5 images/sample were 
prepared. Image‑Pro Plus 4.5 software was used to analyze 
the staining data.

Autophagy analysis by transmission electron microscopy. HCC 
cells were harvested by trypsinization and fixed by immersion 
in 2.5% glutaraldehyde in 0.1 ml phosphate buffer (pH 7.4). 
The cells were then post‑fixed in 1% osmium tetroxide, dehy-
drated in a graded series of ethanol and embedded in epoxy 
resin. The cells were sliced into 1 µm sections and stained with 
0.2% lead citrate and 2% uranyl acetate. Representative areas 
were chosen for ultra‑thin sections to view with a Tecnai Spirit 
electron microscope.

Statistical analysis. SPSS  13.0 statistical software was 
used for the statistical analysis. The values are presented as 
the mean ± SD. Statistical analyses were performed using 
Student's t‑test. The analysis of multiple groups was performed 
with ANOVA with an appropriate post‑hoc test.

Results

Combined treatment of metformin with sorafenib induces 
impaired proliferation as well as cell cycle arrest in HCC. The 
effect of a combination treatment of metformin and sorafenib 
on HCC proliferation was investigated in Bel‑7402 and HepG2 
cells using CCK‑8 and clonogenic assays. The CCK‑8 assay 
revealed a much stronger inhibitory effect of the combination 
than any single drug treatment for 3 days (Fig. 1A and B). A 
comparable defect was detected in single cell colony forma-
tion  (Fig.  1C  and  D). Over a 10‑day treatment, although 
metformin and sorafenib suppressed single cell colony 
progression, the combination almost eliminated colony forma-
tion. Next, we performed cell cycle analysis. A significant 
increase in the number of cells arrested in G0/G1 phase was 
observed in Bel‑7402 and HepG2 cells with a combined treat-
ment of metformin and sorafenib compared to the single drug 
treatment (Fig. 1E and F). Consequently, cyclin D1 and CDK4, 
the key regulators for G0/G1 to S  phase transition, were 
further reduced in Bel‑7402 and HepG2 cells (Fig. 1G and H) 
by the combined treatment when compared to the any single 
treatment. Remarkably, 10 mmol/l metformin and 5 µmol/l 
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sorafenib were used for the CCK‑8 assay and 5  mmol/l 
metformin and 2.5 µmol/l sorafenib were used for the clono-

genic assay which are described in the figure legends. We had 
used the same drug concentration of CCK‑8 assay in clono-

Figure 1. Combination treatment of metformin and sorafenib has more potent antiproliferative activity than single drug treatment in HCC cells. (A) After 
treatment with 10 mmol/l metformin and 5 µmol/l sorafenib in combination or single treatments for 24, 48 or 72 h, the CCK‑8 assay was used to determine cell 
viability. The experiments were repeated 3 times independently and the bars represent the means ± SD. (B) The growth curves exhibit the growth inhibition 
of different groups. (C and D) HCC cells were grown in 6‑well plates (500 cells/well) in triplicates. After 24 h, the cultures were replaced with fresh medium 
containing 2% FBS and 5 mmol/l metformin, 2.5 µmol/l sorafenib or their combination. After a 10 day incubation, the colonies were stained with 1% crystal 
violet and the average surface of clones was determined by Image Pro Plus software. The bars represent the means ± SD from 3 independent experiments. 
(E and F) After 48 h of treatment with 10 mmol/l metformin, 5 µmol/l sorafenib or their combination, Bel‑7402 cells and HepG2 cells were examined using PI 
staining and the cell cycle distribution was measured by flow cytometric analysis. (G and H) Cyclin D1 and CDK4 were monitored using western blot analysis. 
Combination vs. metformin #P<0.05 and ##P<0.01; combination vs. sorafenib *P<0.05 and **P<0.01.
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genic assay, but no clones grew (data not shown). Thus, we 
think the lower cell concentration may increase the sensitivity 
of HCC cells to metformin and sorafeinib and we decreased 
the drug concentration in clonogenic assay. So the different 
drug concentration may be responsible for the different results 
between CCK‑8 and clonogenic assay. Collectively, these 
results revealed that a combined treatment of metformin and 
sorafenib remarkably promotes anti‑proliferative effects and 
G0/G1 cell cycle arrest in HCC cells.

Metformin facilitates sorafenib‑induced apoptosis in HCC 
cells through promoting ROS production. Apoptosis is an 
underlying antitumor mechanism for both metformin and 
sorafenib. Here, we investigated the effects of the combined 

treatment on apoptosis in Bel‑7402 and HepG2 cells. 
The apoptosis assay (Annexin V/PI staining), as shown in 
Fig. 2A and B, revealed a significant increase in the number 
of apoptotic cells observed in Bel‑7402 and HepG2 cells with 
a combined treatment of metformin and sorafenib compared 
to the single drug treatment. To confirm these results, 
we performed western blot analysis and found increased 
expression of cleaved PARP and cleaved caspase‑3 in both 
metformin‑ and sorafenib‑treated Bel‑7402 and HepG2 cells. 
Consistent with the greater apoptotic events, the combined 
treatment led to higher levels of cleaved PARP and cleaved 
caspase‑3 in both Bel‑7402 and HepG2 cells compared to 
single drug treatment alone (Fig. 2C and D). As sorafenib 
can induce mitochondrial‑dependent ROS production, which 

Figure 2. Metformin facilitates the proapoptotic effects of sorafenib on HCC cells through increasing the ROS production induced by sorafenib. (A) After treat-
ment with 10 mmol/l metformin, 5 µmol/l sorafenib or their combination for 48 h, Bel‑7402 cells and HepG2 cells were examined using Annexin V/PI staining 
and the distribution of apoptotic cells was measured by flow cytometric analysis. (B) The percentages of early apoptosis plus late apoptosis/necrosis are shown 
in the bar graph. (C and D) Cleaved caspase‑3 and cleaved PARP were monitored using western blot analysis. (E) Cells were treated with 10 mmol/l metformin, 
5 µmol/l sorafenib or their combination for 24 h. The intracellular ROS was measured by flow cytometric analysis using an oxidation‑sensitive fluorescent 
probe, DCFH‑DA, which can be oxidized to DCF by ROS (the negative control was not treated with DCFH‑DA). (F) The mean volumes of DCF are shown 
in the bar graph as the means ± SD from 3 independent experiments. Combination vs. metformin ##P<0.01; combination vs. sorafenib *P<0.05 and **P<0.01.
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elicits cell death in hepatomas (13), we next determined the 
influence of metformin on sorafenib‑induced ROS production. 
As expected, data in Fig. 2E and F present that metformin 
(10  mmol/l) was readily to promote sorafenib (5  µmol/l) 
induced ROS production.

Metformin and sorafenib regulate the AMPK/ERK and 
mTORC1/2 pathways. To analyze the potential molecular mech-
anism, we investigated the effects of metformin and sorafenib 
on the AMPK/ERK and mTOR pathways in HCC cells (Fig. 3). 
Both metformin (10 mmol/l) and sorafenib (5 µmol/l) activated 
AMPK and inhibited ERK compared to untreated HCC cells. 
At concentrations of 0, 5 and 10 mmol/l, metformin signifi-
cantly inhibited the mTORC1 (p‑mTOR Ser2448, p‑p70S6K 
Thr389, p‑Raptor Ser792, p‑4E BP1 Thr37/46) but activated 
the mTORC2 (p‑mTOR Ser2481, p‑Rictor Thr1135, p‑AKT 
Ser473) (Fig. 3) pathway. Inconsistent results were obtained 
after sorafenib treatment, which suppressed the activation of 
both the mTORC1 and the mTORC2 pathway in HepG2 and 
Bel‑7042 cells (Fig. 4A and B). The consequences of the combi-
nation of metformin and sorafenib on mTOR1/2 networks 
was further investigated, revealing that sorafenib reversed 
the activation status of mTORC2 induced by metformin and 

enhanced the suppression of mTORC1 by metformin in HCC 
cells (Fig. 4C and D). This result may explain the additional 
reduction in proliferation upon combined treatment.

Combined treatment with metformin and sorafenib efficiently 
reduces HCC growth in a HCC xenograft model. To further 
validate our in vitro results showing the anti‑proliferative 
effects of combined treatment of metformin and sorafenib, 
we treated male athymic nude mice bearing palpable tumors 
(~100 mm3) of Bel‑7402 xenografts with control (vehicle‑treated 
mice), metformin (200 mg/kg/day), sorafenib (30 µg/kg/day) 
and their combination (Fig. 5A‑C) for 28 days. The tumor 
volumes of the combined treatment group were significantly 
reduced compared to the groups treated with either metformin 
or sorafenib. Consistent with the in vitro data, immunohis-
tochemistry and TUNEL analyses  (Fig. 5D and E) of the 
xenograft tumors revealed that the metformin and sorafenib 
combination effectively inhibited the expression of Ki‑67, 
a marker for representing tumor proliferation. Moreover, 
metformin facilitated the sorafenib induced apoptosis in xeno-
graft tumors as evaluated by the cleaved caspase‑3 staining 
and TUNEL assay.

Combined treatment of metformin and sorafenib suppressed 
active status for ERK and mTOR pathways in HCC xenograft 
tumors. Immunohistochemistry and western blot analysis of 
the xenograft tumors revealed that metformin and sorafenib 
inhibited the activation of ERK in the in vivo xenograft model 
as well (Fig. 6A‑C). Similarly, xenograft tumors were further 
examined for the status of p‑mTOR (Ser2448 and Ser2481) and 
p‑AKT (Ser473) after treatment with the control, metformin, 
sorafenib and their combination (Fig. 6). Consistent with the 
in vitro results, sorafenib significantly reversed the activation 
status of mTORC2 and the combined treatment of metformin 
and sorafenib synergistically abrogated activity of mTORC1.

Inhibition of autophagy induced by metformin and sorafenib 
combined treatment promotes apoptotic death in HCC 
cells. Since combined treatment of metformin and sorafenib 
profoundly inhibit the mTOR pathway, which is known to 
closely regulate autophagy, the potent influences of both on 
HCC autophagy was further determined. Transmission elec-
tron microscopy (TEM) and western blot analysis were used 
to monitor the autophagic status in HCC cells and clearly 
demonstrated that accelerated autophagy occurs after 48 h 
treatment with metformin and sorafenib (Fig. 7A and B). The 
results of TEM revealed increased autophagic vacuoles in 
HCC cells treated with metformin and sorafenib combination 
compared to single drug or control. Microtubule‑associated 
protein light chain 3 (LC3) is a specific marker for autophagy 
initiation. When autophagy occurred, the cytoplasmic form 
of LC3 (LC3‑I) converted to the pre‑autophagosomal and 
autophagosomal membrane‑bound form of LC3 (LC3‑II) and 
p62 was degraded (14). However, two autophagy inhibitors 
CQ and 3MA could both promote apoptotic death induced by 
metformin and sorafenib in HCC cells (Fig. 7C‑E). CQ could 
prevent fusion of endosomes and lysosomes and inhibit the 
formation of autophagosomes. Thus, accumulated LC3‑II and 
p62 could be detected by western blot analysis (Fig. 7B and E) 
The 3MA is a phosphoinositide 3‑kinase inhibitor that inhibits 

Figure 3. Effects of metformin and sorafenib on the AMPK/ERK pathway 
in HCC in vitro. (A and B) The effect of metformin and sorafenib single 
or combined treatment on the activation of AMPK and ERK of HCC cells 
was determined by western blotting. Combination vs. metformin #P<0.05 and 
##P<0.01; combination vs. sorafenib *P<0.05 and **P<0.01.
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Figure 4. Effects of metformin and sorafenib on the mTOR pathway in HCC in vitro. (A) The activation status of mTORC1 (p‑mTOR Ser2448, p‑p70S6K 
Thr389, p‑Raptor Ser792, p‑4E BP1 Thr37/46) and mTORC2 (p‑mTOR Ser2481, p‑Rictor Thr1135, p‑AKT Ser473) in Bel‑7402 cells and HepG2 cells was 
determined by western blot analysis after the cells were treated with 0, 5 or 10 mmol/l metformin or 0, 5 or 10 µmol/l sorafenib for 48 h. (B) The band intensi-
ties were quantified using Image Lab 5.0 software and are represented as the means ± SD from 3 independent experiments. (*P<0.05 and **P<0.01).
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autophagy before the formation of autophagosomes. In 
conclusion, these results revealed that combined treatment of 
metformin and sorafenib triggered autophagy in HCC cells, 
which may be cytoprotective as inhibition of autophagy by 
CQ or 3MA could promote metformin and sorafenib induced 
apoptotic cell death. Especially, for the LC3‑II band intensity 
in Fig. 7E, we found that when the cells were treated with CQ, 
LC3‑II displayed strong increase compared to the other groups. 
The band intensity would be overtested in group with CQ if 
the other groups could be displayed as in Fig. 7B. So, the bands 
in the other groups were too weak for accurate quantification.

Collectively, we propose a potential molecular mechanism 
where metformin and sorafenib inhibit HCC development via 
modulating AMPK and the mTOR1/2 pathway (Fig. 8).

Discussion

HCC is a complex tumor type with multiple genetic aberra-
tions. Many signaling pathways are activated during HCC 
initiation and progression. The multi‑kinase inhibitor sorafenib 
is administered to patients with unresectable/non‑abla-
table or advanced‑stage HCC. However, sorafenib only 
improves median overall survival by ~3 months (4,6). Thus, 
single‑agent therapy is insufficient for HCC treatment. The 
multi‑targeting‑based approach is of particular significance 
in HCC treatment. In the present study, the combination of 
sorafenib with metformin, a recently described antitumor 
agent, was tested for antitumor effects in the HCC cell lines 
HepG2 and Bel‑7402.

Figure 4. Continued. (C) After Bel‑7402 cells and HepG2 cells were treated with 10 mmol/l metformin, 5 µmol/l sorafenib or their combination, the activation 
status of mTORC1 and mTORC2 of the cells was determined by western blot analysis. (D) The band intensities were quantified using Image Lab 5.0 software 
and are represented as the means ± SD from 3 independent experiments. Combination vs. metformin #P<0.05 and ##P<0.01; combination vs. sorafenib *P<0.05 
and **P<0.01.
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The HCC proliferation data were identical to those from our 
previous study in intrahepatic cholangiocarcinoma cells (11), 
in which metformin plus sorafenib effectively inhibited the 
proliferation of HCC cells compared to the single‑agent treat-
ment as shown by the CCK‑8 assay, cell cycle determination, 
the colony formation assay and a xenograft model in nude mice. 
These results are consistent with some recent studies (15,16). 
Moreover, according to the results of cellular and xenograft 
apoptosis and activated PARP and caspase‑3, metformin effec-
tively facilitates the proapoptotic effects of sorafenib on HCC 
cells through the promotion of reactive oxygen species (ROS) 
production induced by sorafenib.

The treatment doses we used in the present study, were 
consulted from previous reports  (15,16). Considering the 
doses used in the clinical setting, a recent study has reviewed 
the in  vitro and in  vivo studies of anticancer research by 
metformin and concluded that doses of metformin used in 
mice, which showed anticancer effect, was much less than 
commonly used in clinical practice  (17). For sorafenib, as 
it is approved by Food and Drug Administration  (FDA) 
for advanced HCC, the concentration we used in mice 

(30 µg/kg/day) was much less than commonly used in HCC 
patients (400 mg/day) (http://www.accessdata.fda.gov/drug-
satfda_docs/label/2013/021923s016lbl.pdf). Thus, the doses 
we used in the present study were comparable and acceptable 
in cancer related studies.

Additional signaling analysis suggested that the under-
lying molecular mechanism was associated with the MAPK 
and mTOR pathways. We discovered that metformin as well 
as sorafenib would greatly suppress ERK1/2 activation, and 
a stronger effect was observed for the combined treatment. 
Metformin‑mediated HCC growth arrest is associated with 
the AMPK and mTORC1 pathways. Indeed, the activation of 
AMPK, a well‑known metformin effector, suppresses ERK1/2 
activation (18‑20) and shuts down cell cycle progression. We 
observed that metformin activated AMPK, which would in turn 
suppress ERK1/2 activation. The sorafenib‑induced reduction 
in ERK1/2 phosphorylation could be directly explained by 
the universal inhibitory effects of a multi‑kinase acting on 
ERK1/2. However, it is quite interesting that we also observed 
sorafenib having similar effects to metformin in regulating 
mTORC1 activity, as well as AMPK activation, indicating that 

Figure 5. Metformin and sorafenib in combination potentiates the antiproliferative effect of the single drug treatments in vivo. (A) Bel‑7402 cells were 
implanted subcutaneously into the flank regions of nude mice. When the tumor volume reached ~100 mm3, vehicle (control), metformin (200 mg/kg/day, 
intraperitoneal injection), sorafenib (30 µg/kg/day, intragastric administration), or their combination were administered for 4 weeks, 5 times/week. (B) At 
4 weeks, the mice were euthanized and the tumors are shown. (C) The growth curve shows the 4 weeks of drug treatment. (D) Representative hematoxylin 
and eosin (H&E) stained images are shown and the expression of Ki‑67 and cleaved caspase‑3 in the tumors were detected by IHC. In addition, apoptotic 
cells in the tumors from mice were detected by the TUNEL assay. (E) The data were quantified and are represented as the means ± SD from 3 independent 
experiments. Combination vs. metformin ##P<0.01; combination vs. sorafenib *P<0.05 and **P<0.01.
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sorafenib may have other mechanisms of controlling ERK 
activation. Although the molecular mechanisms of metformin 
and sorafenib in controlling HCC growth are complex or 
interactive, the combination of both would further enhance 
AMPK activation and inhibit the active status of mTORC1 
and ERK1/2, with a more profound HCC growth suppression 
effect than any single treatment.

The serine/threonine kinase mTOR forms two multi‑protein 
complexes, mTOR complex 1 (mTORC1) and mTORC2 (21). 
mTORC1 consists of proteins such as the regulatory‑associated 
protein of mTOR (Raptor) and the mammalian lethal with 
SEC13 protein  8 (mLST8), and regulates cell growth and 

proliferation through modifying its substrates eIF4E‑binding 
protein  1  (4E‑BP1) and p70 ribosomal subunit  S6 kinase 
(p70S6k) (21). p70S6k phosphorylates rapamycin‑insensitive 
companion of mTOR (Rictor), the core component of the 
mTORC2 complex, and negatively regulates mTORC2 (22). 
Conversely, mTORC2 regulates mTORC1 by activating AKT as 
part of a negative feedback mechanism (22,23). Thus, there is a 
negative feedback loop mechanism between mTORC1/mTORC2. 
The feedback between mTORC1 and mTORC2 and cross‑talk 
between the PI3K/AKT/mTOR pathway and the Ras/Raf/MAPK 
pathway may be partly responsible for the resistance or failure 
of single‑agent administration (24,25). We asked whether the 

Figure 6. Effect of metformin and sorafenib combination on the mTOR pathway in HCC in vivo. (A and C) The activation status of p‑mTOR Ser2448, p‑mTOR 
Ser2481, p‑AKT Ser473 and p‑ERK (44/42) of the tumors from mice were detected by IHC and western blotting. (B) The data were quantified and are 
represented as the means ± SD from 3 independent experiments. (D) The band intensities were quantified using Image Lab 5.0 software and are presented as 
the means ± SD from 3 independent experiments. Combination vs. metformin #P<0.05 and ##P<0.01; combination vs. sorafenib *P<0.05 and **P<0.01.
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Figure 7. Inhibition of autophagy by 3MA or CQ sensitizes HCC cells to metformin‑induced apoptotic cell death. (A) Transmission electron microscopy (TEM) 
images showed autophagic vacuoles (arrows) observed in metformin (10 mmol/l) and sorafenib (5 µmol/l) single or combination‑treated Bel‑7402 and HepG2 cells 
for 48 h. (B) Two main autophagy‑related proteins LC3‑I/II and p62 were detected using western blot analysis in metformin (10 mmol/l) and sorafenib (5 µmol/l) 
single or combination‑treated Bel‑7402 and HepG2 cells for 48 h. (C) Two autophagy inhibitors chloroquine (CQ, 10 µmol/l) and 3‑methyladenine (3MA, 5 mmol/l) 
were used to abrogate the autophagy induced by metformin and sorafenib combination for 48 h. Then, apoptotic cells were detected by Annexin V/PI staining and 
flow cytometric analysis. (D) The percentages of early apoptosis plus late apoptosis/necrosis are shown in the bar graph. (E) Cleaved caspase‑3, cleaved PARP, 
LC3‑I/II and p62 were monitored using western blot analysis. Metformin+sorafenib+CQ/3MA vs. metformin+sorafenib *P<0.05 and **P<0.01.
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anti‑proliferative properties of a combined treatment with 
metformin and sorafenib are dependent on disruption of the 
mTORC1 and mTORC2, inhibition of the PI3K/AKT/mTOR 
pathway or the Ras/Raf/MAPK pathway. Consistent with 
a recent study  (26), we found that metformin may activate 
mTORC2/AKT through the mTORC1/mTORC2 feedback 
loop. We further observed that sorafenib amplifies suppres-
sion effect of metformin on HCC both in vitro and in vivo. 
Sorafenib abrogates the activation of mTORC2/AKT induced 
by metformin while synergistically inactivating mTORC1 with 
metformin, which may partly account for the potential mecha-
nisms. Interestingly, a single sorafenib treatment inhibits both 
mTORC1 and mTORC2 signaling, which is contradictory to 
results in other HCC cell lines (27) or other malignancies (28). 
This contradiction implies that the effects of sorafenib in cancer 
may be cell line‑ and tissue‑specific. It will be valuable to 
explore the molecular explanation of the discrepant effects on 
mTORC2 of sorafenib in our further studies.

However, a recent clinical study found that the concomitant 
use of sorafenib and metformin was associated with a poorer 
prognosis compared to sorafenib alone in patients with advanced 
HCC (29). In this study, the authors speculated that chronic treat-
ment of metformin may impel HCC cells to intrinsic resistance 
to metformin, and also to sorafenib. Thus, in the present study, 
we further evaluated the autophagic status of HCC cells treated 
with metformin and sorafanib, as autophagy always mediates 
the drug-resistant effect of tumor cells. The mTOR pathway, 
a promising regulator for autophagy  (30), may effectively 
regulate the potential cell death mechanism and chemotherapy 
response (31). Autophagy is able to either inhibit or promote 
cancer cell growth in different cellular contexts (32). Combined 

treatment of metformin and sorafenib triggered higher levels of 
autophagy compared to single or no drug treatment in HCC cells. 
Pharmacological inhibition of autophagy sensitized HCC cells 
to metformin and sorefenib‑induced apoptotic cell death, which 
implies that metformin and sorafenib‑mediated autophagy is an 
anti‑apoptotic death mechanism rather than a cell death mecha-
nism. Mechanically, the anti‑autophagy treatment should be 
considered in metformin and sorafenib as well as mTOR inhib-
itor-based treatments in HCC cells. Moreover, a recent basic 
study described that metformin promoted anti‑metastasis effect 
of sorafenib in HCC (33), which supported the combination 
treatment of metformin and sorafenib in HCC. A phase II study 
recruiting patients with advanced HCC for combined treatment 
with sorafenib and metformin is proceeding (ClinicalTrials.gov 
identifier: NCT02672488), which may help clear the value of 
metformin and sorafenib combination treatment in advanced 
HCC patients.

Some shortages of the present study should be discussed. 
Agents with different concentrations may exert different 
biological effects, and a combination use of the two agents 
with different concentrations needs to be conducted in future 
studies to validate the molecular mechanism by treatment of 
metformin and sorafenib in HCC. In addition, the function of 
mTORC2 is less studied and mTORC2 may play significant 
role in cell migration and energy metabolism. How sorafenib 
inactivates the mTORC2 should be further explored.

In conclusion, our results proved that the combination 
of metformin and sorafenib promotes apoptosis and inhibits 
the proliferation of HCC in vitro and in vivo. Activation of 
mTORC2 provides an escape mechanism for the HCC cells 
from metformin treatment. Sorafenib effectively reverses 

Figure 8. Proposed mechanisms responding to metformin‑ and sorafenib‑induced effects in HCC. Metformin effectively facilitates the proapoptotic effects 
of sorafenib on HCC cells through the promotion of reactive oxygen species (ROS) production induced by sorafenib. For the regulation of mTOR pathway, 
metformin activated mTOC2/AKT via a negative feedback loop of AMPK/mTORC1/mTORC2 pathway. With an undefined mechanism, sorafenib effectively 
reverses the activation status of mTORC2 and further enhances the suppression of mTORC1 induced by metformin. Metformin and sorafenib may cooperate 
to promote autophagy in HCC cells by regulation of mTOR pathway.
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the activation status of mTORC2 induced by metformin and 
further enhances the suppression of mTORC1 by metformin in 
HCC in vitro and in vivo. Metformin and sorafenib cooperate 
to promote apoptosis and autophagy in HCC cells. Inhibition 
of autophagy profoundly enhances the apoptosis of HCC cells 
induced by metformin and sorafenib. The anti‑autophagy treat-
ment should be considered in metformin and sorafenib based 
treatments in HCC cells. These results may help to ameliorate 
the strategies of metformin‑ or sorafenib‑based chemothera-
peutic treatment of patients with HCC in the clinical setting.
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