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Abstract. Cancer stem cells (CSCs) have been reported 
to be associated with the recurrence and drug resistance of 
liver cancer. In the present study, stem cell-like HepG2 cell 
spheres were enriched using stem cell conditioned culture 
medium. As expected, stem-like HepG2 cell spheres exhibited 
increased resistance to sorafenib. Metformin, a common drug 
used to treat type 2 diabetes mellitus, reduced the diameters 
and numbers of stem-like HepG2 spheres, and increased their 
sensitivity to sorafenib. Western blotting confirmed that low 
doses of metformin reversed the epithelial-mesenchymal trans-
formation (EMT) process of HepG2 spheres. These results 
suggested that metformin enhanced sensitivity to sorafenib, 
which was probably through reversal of the EMT process of 
sphere-forming cells and by reducing the formation of CSCs.

Introduction

Liver cancer is one of the most lethal cancer types worldwide 
and its incidence is steadily rising (1). The overall 5-year 
survival rate for liver cancer is 17% (2) and drops to only 3% 
in patients with advanced malignancy. At diagnosis, <20% 
of patients with hepatic carcinoma have early-stage tumors 
that are potentially curable with surgery. For the majority 
of patients with non-resectable tumors, the treatments are 
largely palliative. Sorafenib is a multi-targeted tyrosine kinase 
inhibitor, and the only first‑line drug for the clinical manage-
ment of primary liver cancer (3). However, concerns have been 
raised about sorafenib therapy, including acquired drug resis-
tance (3). Therefore, it is of great significance to elucidate the 

underlying mechanism and effective approaches to enhance 
sensitivity to sorafenib in patients with liver cancer.

Cancer stem cells (CSCs) are stem cell-like cells that are 
self-renewing and differentiating in tumors. The existence of 
tumor stem cells has been identified in liver cancer and various 
solid tumors (4). It was recently hypothesized that CSCs were 
correlated with occurrence, metastasis and drug resistance in 
many cancer types (5). The existence of liver CSCs is directly 
associated with resistance to cisplatin and 5-fluorouracil 
through regulation of RAC-α serine/threonine-protein kinase 
(Akt), transforming growth factor (TGF)-β and other signaling 
pathways (6). Liver CSCs may develop resistance to sorafenib 
through diverse mechanisms (7). These previous studies 
indicated that if sorafenib-resistant CSCs are eliminated, the 
incidence of drug resistance may be reduced.

Biguanide drugs are commonly used in the treatment of 
type 2 diabetes mellitus (T2DM). A recent study reported that 
metformin may reduce the incidence and mortality rates of 
multiple tumors in patients with T2DM (8). Metformin also 
suppressed CSC formation in breast cancer (9), glioblas-
toma (10), colon cancer (11), pancreatic cancer (12), prostate 
cancer (13) and osteosarcoma (14). Metformin was reported to 
improve overall survival by reducing the proportion of CSCs 
in oral squamous cell carcinoma (15). Metformin may improve 
CSC sensitivity to chemotherapeutic drugs, reduce the propor-
tion of CSCs in liver cancer and increase liver cancer cell 
sensitivity to sorafenib (16). According to these results, it was 
hypothesized that metformin may be a useful therapeutic agent 
in enhancing sensitivity to sorafenib in T2DM, in addition to 
in patients without T2DM, by targeting CSCs.

Sphere-forming cell subpopulations isolated from human 
hepatoma cell lines possess properties that define CSCs (17). 
In the present study, cancer stem-like HepG2 spheres were 
generated using stem cell conditioned culture medium, and 
decreased sensitivity to sorafenib was observed in these 
stem-like spheres. Low doses of metformin reduced the forma-
tion by reversing the epithelial-mesenchymal transformation 
(EMT) process of HepG2 stem-like spheres.

Materials and methods

Cell culture. The HepG2 cell line was purchased from the 
Cell Resource Center of the Shanghai Institutes for Biological 
Science, Chinese Academy of Sciences (Shanghai, China). 
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Cells were cultured in RPMI 1640 medium (Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) containing 10% 
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) in a 
humidified atmosphere at 37˚C with 5% CO2.

Enrichment of stem cell‑like HepG2 spheres. HepG2 
cells were digested with Accutase cell detachment solu-
tion (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) 
and washed with PBS (Gibco; Thermo Fisher Scientific, 
Inc.) twice. Subsequently, cells were seeded at a density 
of 1x104 cells/100 mm Petri dish, and cultured in stem cell 
conditioned culture medium [RPMI 1640 medium containing 
2% B27 supplement (Gibco; Thermo Fisher Scientific, Inc.), 
20 ng/ml recombinant human epidermal growth factor 
(PeproTech, Inc., Rocky Hill, NJ, USA) and 20 ng/ml recom-
binant human insulin-like growth factor (PeproTech, Inc.)]. 
Cells were maintained in a humidified incubator at 37˚C with 
5% CO2. Culture medium was half-replaced every other day. 
The diameters of the spheres reached 90-100 µm after 8 days. 
Following culturing for 8 days, the spheres were collected, 
dissociated into a single cell suspension and resuspended 
in fresh medium for serial subcultivation every 6 days. The 
morphology of the spheres was recorded with an inverted 
microscope (x200 magnification; Olympus IX73; Olympus 
Corporation, Tokyo, Japan) every 3 days. The total number and 
diameter of spheres >50 µm in three typical fields in each well 
or dish were counted, and the mean values were calculated 
accordingly. For cell passages, single cell suspensions derived 
from the original spheroids were obtained using Accutase 
cell detachment solution and placed into a new culture dish 
or plate, and the spheres grew to 100 µm in diameter within 
9 days.

Flow cytometry. In order to detect the expression of the stem 
cell surface markers cluster of differentiation (CD) 133 and 
CD90, spheres at day 7 were digested into single cells with 
Accutase cell detachment solution. A total of ~1.0x106 cells 
were washed with cold PBS twice and resuspended in 
400 µl PBS. A volume of 10 µl rabbit anti-human CD133/1 
(AC133)-phycoerythrin (PE; cat. no. 130098826; Miltenyi 
Biotec GmbH, Bergisch Gladbach, Germany) or 2 µl rabbit 
anti-human CD90 (REA897)-fluorescein isothiocyanate 
(FITC; cat. no. 130114901; Miltenyi Biotec GmbH) was 
added and incubated in the dark for 30 min at 4˚C. Following 
two washes with PBS, the markers were determined using a 
FACSCalibur system running BD CellQuest™ Pro software 
version 3.3 (BD Biosciences, San Jose, CA, USA) and the 
data were analyzed using FlowJo version 7.6 (FlowJo LLC, 
Ashland, OR, USA). Isotype controls of PE and FITC were 
used to eliminate false positive expression.

Cell viability assay. HepG2 spheres and parental HepG2 cells 
were seeded into a 96-well plate at a density of 600 cells/well 
for 3 days. Cells were treated with sorafenib at concentrations 
of 5, 10, 15, 20 or 25 µM, alone or combined with 1, 3 or 5 mM 
metformin and incubated at 37˚C for 48 h. Cell proliferation 
analysis was conducted using a Cell Counting Kit-8 (CCK8; 
Dojindo Molecular Technologies, Inc., Kumamoto, Japan) 
assay, according to the manufacturer's protocol. In brief, 
CCK8 solution was added into the culture and incubated for 

2 h. The absorbance at 450 nm [optical density (OD) value] 
was measured using an auto-microplate reader (BERTHOLD 
TECHNOLOGIES GmbH & Co. KG, Bad Wildbad, Germany). 
The inhibition percentage was calculated using the following 
equation: Inhibition percentage=(1-ODexperiment /ODcontrol) x100. 
The IC50 value was determined by plotting the inhibition 
percentage values. The resistance index (RI) was calculated 
using the following equation: RI=half-maximal inhibitory 
concentration (IC50) spheres/IC50HepG2.

Western blotting. HepG2 cells and spheres were treated with 
sorafenib, metformin or a combination of sorafenib and 
metformin for 48 h. Cells were collected and lysed in Cell 
Lysis Buffer (cat. no. P0013) containing 1 mM phenylmethyl-
sulfonyl fluoride (cat. no. ST506‑2; both Beyotime Institute of 
Biotechnology, Haimen, China) for 30 min on ice. The lysate 
was centrifuged at 12,000 x g for 15 min at 4˚C, and the super-
natant was collected. The protein concentration was determined 
using a Bicinchoninic Acid Protein Assay kit (cat. no. P0012; 
Beyotime Institute of Biotechnology). A total of 30 µg of 
protein lysate was boiled in SDS-PAGE Sample Loading Buffer 
(cat. no. P0015; Beyotime Institute of Biotechnology), resolved 
by electrophoresis on 10% SDS-PAGE gels and transferred to 
polyvinylidene fluoride membranes (cat. no. FFP33; Beyotime 
Institute of Biotechnology). The membranes were blocked with 
5% skimmed milk in TBS/Triton-X-100 at room temperature 
for 90 min. The membranes were probed overnight at 4˚C 
with primary antibodies against human zinc finger protein 
SNAI1 (Snail; rabbit monoclonal antibody; cat. no. 3879T; Cell 
Signaling Technology, Inc., Danvers, MA, USA), E-cadherin 
(mouse monoclonal antibody; cat. no. AF0138; Beyotime 
Institute of Biotechnology), vimentin (mouse monoclonal anti-
body; cat. no. AF0318; Beyotime Institute of Biotechnology) 
and twist-related protein 1 (Twist1; rabbit polyclonal antibody; 
cat. no. 21642; Signalway Antibody LLC, College Park, MD, 
USA), with GAPDH (rabbit monoclonal antibody; cat. no. 5174; 
Cell Signaling Technology, Inc.) as the control. All primary 
antibodies were diluted 1:1,000 with Antibody Dilution Buffer 
(cat. no. P0023A; Beyotime Institute of Biotechnology). 
Horseradish peroxidase (HRP)-labeled goat anti-mouse immu-
noglobulin (Ig)G (H+L; cat. no. A0216; Beyotime Institute of 
Biotechnology) and HRP-labeled goat anti-rabbit IgG (H+L; 
cat. no. A0208; Beyotime Institute of Biotechnology) diluted 
1:5,000 with Antibody Dilution Buffer, were used to detect 
specific proteins. Finally, the bands were detected using 
Enhanced Chemiluminescent Substrates (http://www.bio-kits.
cn; Biokits Technologies Inc., Beijing, China).

Statistics. Data were analyzed using GraphPad Prism 5 
(GraphPad Software, Inc., La Jolla, CA, USA). Experiments 
were performed at least in triplicate, and data are presented 
as the mean ± standard deviation. Data were analyzed by 
Bonferroni analysis (least significant difference‑t test). α risk 
was set at 0.05 and β risk was set at 0.95. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Stem‑like HepG2 spheres are enriched by stem‑cell enrich‑
ment medium. The human liver cancer cell line HepG2 was 
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cultured with stem cell enrichment medium as described 
above. The cells detached and formed small spheres from the 
3rd day (Fig. 1A), with a diameter of ~34.32±1.07 µm (Fig. 1B). 
There were ~100±21.2 small spheres in three fields on day 3. 
The diameters of the spheres reached ~81.97±1.87 µm on 
day 9. The numbers of spheroids first increased to 145±19.1 on 
day 6, although they decreased to 91±5.1 on day 9 as the small 
spheres joined to become a large sphere (Fig. 1B and C).

CD133 and CD90 are the most recognized liver CSC 
markers. To examine the stemness of the enriched spheres, the 
proportion of CD133- or CD90-positive cells in the spheres was 
detected with flow cytometry. As expected, few cells expressed 
CD133 or CD90 in parental HepG2 cells. In spheres 
passaged three times (P3), ~4.43±2.48 and 10.33±1.23% cells 
expressed CD133 and CD90, respectively (Fig. 2A and B). The 
differences were statistically significant (P<0.05).

Stem cell‑like HepG2 spheres are less susceptible to sorafenib. 
Single cell suspensions of HepG2 sphere cells and HepG2 cells 
were seeded in 96-well plates at 600 cells/well. After 3 days, 
cells were treated with sorafenib at 5, 10, 20 and 25 µM for 
24 and 48 h, respectively. The CCK8 cell proliferation activity 
assay demonstrated that the inhibition rate of sorafenib on 
HepG2 spheres was significantly lower compared with that on 
parental HepG2 cells at 48 h post-treatment (Fig. 3). The IC50 
value of HepG2 spheres (14.84 µM) was significantly higher 
than that of parental HepG2 cells (9.4 µM) (P<0.05; data not 
shown).

Metformin increases the sensitivity to sorafenib of HepG2 
spheres. As there was no suggestion for the dose of metformin 
for non-T2DM patients, the present study sought to analyze 
whether lower doses of metformin have effects on enhancing 
drug sensitivity. Thus, HepG2 sphere cells were treated with 0, 
1, 3 and 5 mM metformin combined with 5 µM sorafenib. As 
expected, 1 mM metformin and 5 µM sorafenib significantly 
inhibited the cell viability of HepG2 spheres (Fig. 4A and B). As 
the concentration of metformin increased, the diameter of the 
suspension spheres was significantly reduced (Fig. 4A and C). 

The number of spheres increased when 1 mM metformin 
was added, although it decreased when the concentration of 
metformin increased (Fig. 4D).

Metformin inhibits EMT and reverses the formation of HepG2 
spheres. EMT is associated with the formation of CSCs. 
From previous results, it was identified that alterations in the 
diameters and numbers of spheres following treatment with 
metformin indicated that metformin may reverse the forma-
tion of stem-like spheres. As demonstrated in Fig. 5A, the 
diameters and numbers of spheres were markedly reduced by 
1 and 5 mM metformin. As expected, expression of the epithe-
lial marker E‑cadherin was significantly reduced in stem‑like 
spheres compared with parental HepG2 cells, while the expres-
sion of the mesenchymal markers vimentin, Snail and Twist1 
were significantly elevated in spheres. Metformin reversed the 
expression of these EMT markers in a dose-dependent manner 
(Fig. 5B-F).

Discussion

In this study, stem cell-like HepG2 spheres were enriched 
using stem cell enrichment medium. It was demonstrated 
that those spheres expressed increased levels of the stem cell 
markers CD133 and CD90 compared with parental HepG2 
cells, and were more resistant to sorafenib. Metformin reduced 
the diameters and numbers of spheres, and reversed their 
resistance to sorafenib. In addition, it was observed that these 
effects were associated with the metformin-induced reduction 
in EMT and stemness.

Researchers have identified that the mechanism of tumor 
resistance to sorafenib is multifaceted. The anti-tumor activity 
of sorafenib was largely attributed to the inhibition of growth 
factor signaling pathways, including vascular endothelial growth 
factor receptor and platelet-derived growth factor receptor, and 
the downstream RAF proto-oncogene serine/threonine-protein 
kinase (RAF)/dual specificity mitogen-activated protein 
kinase kinase 1 (MEK)/extracellular signal-regulated kinase 
(ERK) pathway. The activation of an escape pathway from 
RAF/MEK/ERK may result in chemoresistance (7). Certain 
studies have demonstrated that upregulation of hypoxia induc-
ible factor-2α induced by sorafenib contributes to the resistance 
of hypoxic liver cancer cells by activating the TGF-α/epidermal 
growth factor receptor pathway (18). Emerging evidence has 
indicated that the activation of the EMT process, the emergence 
of CSCs and the activation of compensatory pathways leading to 
sorafenib have been implicated (18-20). In response to treatment 
with sorafenib, MHCC97H cells develop a mesenchymal pheno-
type and resistance is conferred (19). The formation of CSCs is 
also thought to serve an important role in chemotherapy resis-
tance to multiple drugs, including sorafenib (7). A recent study 
reported that CSCs were enriched in tumor tissues following 
treatment with sorafenib (21). An increased proportion of 
CD133+ CSCs may cause resistance to sorafenib. In the present 
study, stem-cell like HepG2 spheres were enriched using stem 
cell conditioned enrichment medium. Compared with parental 
HepG2 cells, there were significantly more CD133+ cells in 
enriched spheres, and the sensitivity of spheres to sorafenib was 
significantly decreased. These results supported the hypothesis 
that stem cells are partially responsible for sorafenib resistance.

Figure 1. Suspension sphere formation of HepG2 cells in stem cell condi-
tioned medium. (A) Typical bright‑field image of HepG2 cells cultured 
in stem cell conditioned medium on days 3, 6 and 9. Scale bar, 100 µm. 
(B) Average diameters of suspended spheres on days 3, 6 and 9. (C) Numbers 
of spheres on days 3, 6 and 9. Data are expressed as the mean ± standard 
deviation.
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A recent study suggested that EMT may be a predictive 
marker for the development of resistance to sorafenib (21). 
Following long-term exposure to sorafenib, liver cancer cells 
exhibit EMT and resistance to sorafenib (22). EMT-associated 
serum response factor was reported to induce HLE cells to 
acquire a mesenchymal phenotype, which leads to resistance 
against a sorafenib-mediated apoptotic effect (20). Multi-drug 
resistance (MDR) is a downstream molecular event of EMT 
and is also responsible for sorafenib resistance. Silencing 
Snail with small interfering RNA inhibits EMT and partially 
reverses MDR, thereby markedly decreasing invasion and 
metastasis in sorafenib-resistant liver cancer cells (22). In 
the present study, it was observed that in the stem-cell like 
HepG2 spheres, expression of the markers of EMT indicated 
that they acquired the mesenchymal phenotype during enrich-
ment, which may explain the increased resistance to sorafenib 
compared with parental HepG2 cells.

Metformin is the most popular drug used to treat 
T2DM, and functions through inhibition of the mitochon-
drial electron transport chain complex I and activation 
of 5'-adenosine monophosphate-activated protein kinase 

(AMPK)-serine/threonine-protein kinase mTOR (mTOR) 
signaling. The anti-tumor effect of metformin has received 

Figure 2. Stem cell markers expressed in HepG2 spheres. CD133 and CD90 expression in parental HepG2 cells and spheres on day 12 was examined by flow 
cytometry. Spheroid cells incubated with isotype antibodies were used as a negative control. (A) Representative flow cytometry dot plots of CD133 (upper 
panel) and CD90 (lower panel) staining. Percentage of (B) CD133- and (C) CD90-positive cells in parental HepG2 cells and spheres. All experiments were 
repeated at least three times and the data are presented as the mean ± standard deviation. *P<0.05, ***P<0.001. CD, cluster of differentiation; PE, phycoerythrin; 
FITC, fluorescein isothiocyanate.

Figure 3. Increased resistance to sorafenib in HepG2 spheres. Spheres were 
treated with 5, 10, 15, 20 or 25 µM sorafenib for 48 h and the inhibition rate 
was calculated according to cell viability, as assessed by Cell Counting Kit-8 
assay. Each experiment was repeated in triplicate and the data are expressed 
as the mean ± standard deviation. *P<0.05.
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Figure 5. Metformin reverses HepG2 sphere formation by reducing epithelial‑mesenchymal transformation. (A) Typical bright‑field images of spheroids 
treated with 0 (CON), 1 or 5 mM metformin for 24 h. Scale bar, 200 µm. (B) Expression of E-cadherin, vimentin, Snail and Twist1 in parental HepG2 cells 
and spheroids treated with metformin was detected by western blotting. GAPDH was used as a loading control. Semi‑quantification of protein expression 
was performed for (C) E-cadherin, (D) vimentin, (E) Snail and (F) Twist1. All experiments were repeated at least three times independently and the data are 
expressed as the mean ± standard deviation. *P<0.05, **P<0.01, ***P<0.001. CON, control; sph, spheroid; met, metformin; Snail, zinc finger protein SNAI1; 
Twist1, twist-related protein 1.

Figure 4. Metformin enhances the sensitivity of HepG2 spheres to sorafenib. (A) Cells were treated with 5 µM sorafenib alone or combined with 1, 3 or 5 µM 
metformin. Non‑treated cells were used as a control. The typical bright‑field images from three independent experiments are presented. Scale bar, 200 µm. 
(B) The inhibition rate was calculated according to the cell viability, as analyzed by Cell Counting Kit-8 assay. (C) The average diameter and (D) numbers of 
spheres were recorded. All experiments were repeated at least three times independently and the data are expressed as the mean ± standard deviation. *P<0.05, 
**P<0.01, ***P<0.001. CON, control; SORA, sorafenib; MET, metformin.
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extensive attention (8). Metformin also exhibits great potential 
in the prevention and treatment of liver cancer, as the incidence 
of liver cancer reduces with increasing doses of metformin (23). 
Metformin may reduce the incidence of liver cancer in patients 
with T2DM (16). Metformin promotes apoptosis in a variety of 
malignancies (24), and increases the sensitivity of sorafenib to 
MHCC97H cells (24). The present study demonstrated that the 
combination of metformin and sorafenib at low concentrations 
significantly inhibited the cell viability of stem‑like spheres.

The anti-tumor mechanism of metformin remains unclear. 
Previous studies suggested that metabolic reprograming was 
important in maintaining the stemness of CSCs; metformin 
may interfere with oxidative phosphorylation by inhibiting the 
mitochondrial electron transport chain complex, and has been 
reported to delay tumor progression by reducing the formation 
of CSCs (7,9,10,12,13,15,16). Certain studies have reported that 
drug resistance is associated with EMT in CSCs. Metformin 
inhibits tumor stem cell EMT to enhance sensitivity to chemo-
therapeutic drugs (11-14,25). Metformin at a low concentration 
may inhibit EMT in ovarian CSCs (26). It has been suggested 
that metformin may enhance the sensitivity of hepatoma 
cells to sorafenib by inhibiting the production of CSCs, and 
inhibiting EMT to reduce the formation of drug-resistant 
stem cells (16,19). It was identified that metformin reduced 
the diameters and numbers of HepG2 spheres. Metformin 
reversed the alterations in E-cadherin and vimentin expression 
in a suspension of HepG2 sphere-forming cells, and reversed 
the expression of the stem cell-associated transcription factors 
Twist1 and Snail in a dose-dependent manner. The above 
results suggested that metformin may reverse resistance to 
sorafenib by attenuating EMT and stem cell enrichment.

Metformin may enhance the sensitivity of cells to 
sorafenib though pathways which also regulate EMT (27), 
including TGF-β signaling, mothers against decapentaplegic 
homolog (SMAD)-dependent signaling, the ERK-Jun pathway 
and the Akt-mTOR pathway. For example, the combination 
of sorafenib and metformin enhances the inhibitory effect of 
metformin on the mTOR complex 1 and ERK signaling path-
ways (28). Metformin activates the AMPK pathway, which 
suppresses EMT by modulating Akt-E3 ubiquitin-protein 
ligase Mdm2-forkhead box protein O3 signaling axis (29) and 
the TGF-β-SMAD2/3 pathway (30). Thus, it was hypothesized 
that metformin may affect a number of crosslinked pathways, 
and further study was required clarify this.

However, not all cancer cells respond well to metformin or 
other biguanide drugs. Hepatoma cells that have a higher mito-
chondrial respiration rate are more sensitive to these treatments; 
whereas tumor cells that exhibit increased glycolysis are more 
resistant. Altered energy metabolism in hepatoma cells, from 
glycolysis to mitochondrial respiration, improves cellular sensi-
tivity to biguanides (31). Since metformin is a mitochondrial 
complex enzyme inhibitor, this may explain why it only affects 
tumor cells with enhanced oxidative phosphorylation.

In conclusion, in the present study, human liver cancer cell 
line HepG2 stem cell-like cells were enriched with tumor stem 
cell conditioned medium suspension culture, and it was veri-
fied that the sensitivity of stem cell‑like spheres to sorafenib 
was significantly reduced. Metformin enhanced sensitivity 
to sorafenib, possibly by inhibiting EMT in the suspension 
spheres and reducing the formation of stem cell-like cells.
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