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Abstract

Metformin has been widely used as an oral drug for diabetes mellitus for approximately 60 years. Interestingly, recent
reports showed that metformin exhibited an anti-tumor action in a wide range of malignancies including hepatocellular
carcinoma (HCC). In the present study, we investigated its impact on tumor-initiating HCC cells. Metformin suppressed cell
growth and induced apoptosis in a dose-dependent manner. Flow cytometric analysis showed that metformin treatment
markedly reduced the number of tumor-initiating epithelial cell adhesion molecule (EpCAM)+ HCC cells. Non-adherent
sphere formation assays of EpCAM+ cells showed that metformin impaired not only their sphere-forming ability, but also
their self-renewal capability. Consistent with this, immunostaining of spheres revealed that metformin significantly
decreased the number of component cells positive for hepatic stem cell markers such as EpCAM and a-fetoprotein. In a
xenograft transplantation model using non-obese diabetic/severe combined immunodeficient mice, metformin and/or
sorafenib treatment suppressed the growth of tumors derived from transplanted HCC cells. Notably, the administration of
metformin but not sorafenib decreased the number of EpCAM+ cells and impaired their self-renewal capability. As reported,
metformin activated AMP-activated protein kinase (AMPK) through phosphorylation; however its inhibitory effect on the
mammalian target of rapamycin (mTOR) pathway did not necessarily correlate with its anti-tumor activity toward EpCAM+

tumor-initiating HCC cells. These results indicate that metformin is a promising therapeutic agent for the elimination of
tumor-initiating HCC cells and suggest as-yet-unknown functions other than its inhibitory effect on the AMPK/mTOR
pathway.
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Introduction

Cancer stem cells (CSCs) or tumor-initiating cells (TICs) are a

minor population of tumor cells with prominent tumorigenicity

[1]. These cells are characterized by self-renewal capability and

differentiation ability similar to those of normal stem/progenitor

cells. Therefore, it has been believed that TICs play an important

role in carcinogenesis, tumor growth, metastasis, and cancer

recurrence. Recent progress in stem cell biology has enabled the

identification and characterization of TICs in various cancers

including hepatocellular carcinoma (HCC) [2]. Subsequently, the

molecular machinery and signaling pathways involved in main-

taining TICs have been vigorously explored [3]. Although the

inhibitors of these molecules and signaling pathways are consid-

ered promising as TIC-targeting drugs, an effective therapy

targeting TICs has yet to be developed.

Metformin is an oral drug that lowers blood glucose concen-

trations and has been widely used to treat type 2 diabetes mellitus

[4]. The anti-diabetic action of metformin depends on the

activation of AMP-activated protein kinase (AMPK), which

contributes to a reduction in hepatic gluconeogenesis and an

increase in glucose uptake in skeletal muscles [5]. Of interest,

previous large case-control studies revealed that diabetic patients

treated with metformin had a lower incidence of cancers than

those treated with other diabetic drugs [6,7]. Various explanations

for the efficacy of metformin have been proposed, such as the

activation of AMPK, inhibition of insulin-like growth factor

signaling, and the mTOR pathway [8]. Diabetes is known to be

associated with an increase in the risk of developing HCC [9].

Indeed, the risk of HCC was significantly lower with metformin

treatment than with sulphonylureas or insulin in chronic liver

disease [10]. Furthermore, metformin reduced the risk of
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recurrence of HCC after local ablation therapy [11]. Taken

together, it is possible that metformin has direct effects on tumor-

initiating HCC cells.

In the present study, we examined the effect of metformin on

tumor-initiating HCC cells in vitro. We showed that metformin

abolished their self-renewal capability and induced apoptosis in

part through the activation of AMPK and subsequent inhibition of

the mTOR pathway. Furthermore, xenograft transplantation

experiments using nonobese diabetic/severe combined immuno-

deficient (NOD/SCID) mice demonstrated that metformin but not

sorafenib decreased the number of TICs and impaired their self-

renewal capability.

Results

Metformin Inhibited Cell Growth and Induced Apoptosis
To investigate the effect of metformin on HCC cells, we first

examined cell growth and the frequency of apoptotic cells.

Metformin treatment inhibited cell growth both time-dependently

and dose-dependently in HCC cells and normal hepatocytes

(Fig. 1A). Immunostaining of active caspase 3 (CASP3) showed

that metformin induced apoptosis in a dose-dependent manner

(Fig. 1B). The percentage of apoptotic cells in Huh1 cells, Huh7

cells, and normal hepatocytes treated with metformin (5 mM) was

approximately five-fold, ten-fold, and seven-fold higher than that

in control cells, respectively (Fig. 1C). Consistent with this result,

flow cytometric analysis by staining with Annexin V and

propidium iodide (PI) revealed that metformin caused apoptosis

in a dose-dependent manner (Fig. 2).

Impact of Metformin Treatment on Tumor-initiating HCC
Cells
The epithelial cell adhesion molecule (EpCAM)+ fraction as well

as the CD133+ fraction was shown to include TICs in HCC

[12,13]. We examined the expression of EpCAM and CD133

using flow cytometry to analyze the effect of metformin on tumor-

initiating HCC cells. Metformin treatment (10 mM) decreased the

EpCAMhigh fraction from 35.2% to 17.9% in Huh1 cells and from

33.0% to 12.2% in Huh7 cells (Fig. 3A). The EpCAMhigh fraction

also decreased from 18.9% to 12.0% in normal hepatocytes after

metformin exposure (Fig. 3A). Likewise, the CD133high fraction in

Huh7 cells decreased from 40.5% to 26.1% (Fig. 3B), while the

CD133+ fraction was not detected in Huh1 cells or normal

hepatocytes with or without metformin treatment. Taking into

consideration the decrease in the total cell number, metformin

appears to directly act on tumor-initiating HCC cells.

Sphere Assays of HCC Cells and Normal Hepatocytes
Treated with Metformin
We then performed a non-adherent sphere formation assay of

EpCAM+ HCC cells and normal hepatocytes sorted by flow

cytometry. EpCAM expression was markedly higher in the

EpCAM+ fraction than in the EpCAM- fraction by Western blot

analysis (Fig. 4A). Unlike EpCAM+ HCC cells, EpCAM+ normal

hepatocytes failed to form large spheres. Metformin treatment

significantly impaired the formation of large spheres dose-

dependently (Fig. 4B and 4C) and also the formation of secondary

spheres after the replating of primary spheres (Fig. 4D). Together,

these results indicate that metformin impaired the tumorigenicity

of tumor-initiating HCC cells by inhibiting their self-renewal. To

confirm the inhibitory effect of metformin on the self-renewal of

tumor-initiating HCC cells, we conducted immunocytochemical

analyses of the expression of EpCAM and a-fetoprotein (AFP),

hepatic stem/progenitor cell markers, in the resultant spheres. A

marked reduction in cells positive for EpCAM was observed in

spheres generated from EpCAM+ Huh1 cells (Fig. 5A). Because

Huh1 cells only modestly produce AFP, no remarkable change in

the number of cells positive for AFP was observed after metformin

treatment. In contrast, metformin decreased both AFP+ and

EpCAM+ cells in spheres generated from Huh7 cells treated with

metformin (Fig. 5B). These results indicate that metformin impairs

the self-renewal capability of TICs and accelerates their differen-

tiation.

Impact of Metformin on Apoptosis, Cell Growth, and Cell
Cycle
To examine the effect of metformin on cell proliferation, we

conducted Western blotting of EpCAM+ HCC cells and normal

hepatocytes (Fig. 6A). As expected, cleaved poly (ADP-ribosyl)

polymerase (PARP), a marker of apoptosis, was clearly detected in

EpCAM+ cells treated with metformin. The levels of proliferating

cell nuclear antigen (PCNA) in EpCAM+ cells treated with

metformin decreased in a dose-dependent manner. The alteration

in cyclin D1 and p21 expression levels caused by metformin

differed between EpCAM+ HCC cells and EpCAM+ normal

hepatocytes. Although metformin treatment increased the level of

cyclin D1 in EpCAM+ HCC cells, no marked changes in cyclin D1

expression were observed in EpCAM+ normal hepatocytes. In

addition, metformin treatment decreased the level of p21 in

EpCAM+ HCC cells, but conversely increased p21 expression

level in EpCAM+ normal hepatocytes.

AMPK/mTOR Pathway Following Metformin Exposure in
EpCAM+ HCC Cells and Normal Hepatocytes
Previous reports demonstrated that metformin suppressed

mTOR signaling by activating AMPK in various cancer cells

including HCC cells [14–16]. To examine whether this machinery

also operated in EpCAM+ HCC cells and normal hepatocytes,

cells were subjected to Western blotting (Fig. 6B). In EpCAM+

Huh7 cells and normal hepatocytes, the levels of phosphorylated

AMPK increased after metformin exposure in a dose-dependent

manner. Conversely, the levels of phosphorylated mTOR and

phosphorylated S6 kinase decreased. However, EpCAM+ Huh1

cells showed no change in the mTOR pathway, while the level of

AMPK increased with exposure to metformin. These results raise

the possibility that metformin impaired the self-renewal capability

of tumor-initiating HCC cells in part by affecting the AMPK/

mTOR pathway.

Anti-tumor Effects of Metformin and/or Sorafenib in
Xenograft Transplantation Model
Sorafenib is an oral multikinase inhibitor with anti-angiogenic

activity and has been approved for the treatment of advanced

HCC [17]. To compare the anti-tumor effects of metformin and

sorafenib, we conducted xenograft transplantation using NOD/

SCID mice and administered metformin and/or sorafenib to

recipient mice. Metformin and/or sorafenib were administered

daily after the transplantation of 26106 Huh7 cells into NOD/

SCID mice. Both tumor initiation and growth were apparently

suppressed by the metformin and sorafanib treatment (Fig. 7A and

7B). Tumor growth was further inhibited by the co-administration

of metformin and sorafenib than by a single administration.

Immunohistochemical staining of subcutaneous tumors for Ki-67

and CASP3 revealed that metformin and/or sorafanib treatment

inhibited cell growth and induced apoptosis (Fig. 7C). Interestingly

and importantly, the frequency of EpCAM+ cells was markedly

decreased in tumors treated with metformin, but not with
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Figure 1. In vitro assays of HCC cells and normal hepatocytes treated with metformin. (A) Dose-dependent and time-dependent inhibition
of the growth of HCC cells and normal hepatocytes treated with metformin. *Statistically significant (p,0.05). (B) Detection of apoptotic cells by
immunostaining of CASP3. Nuclear DAPI staining is shown in the insets. Scale bar = 100 mm. (C) Quantification of the percentage of apoptotic cells.
*Statistically significant (p,0.05).
doi:10.1371/journal.pone.0070010.g001
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sorafenib (Fig. 7C). Co-treatment with metformin and sorafenib

produced results similar to the single administration of metformin

(Fig. 7C).

Re-analysis of Subcutaneous Tumors
Consistent with the pathological findings, flow cytometric

analysis of xenograft tumors clearly demonstrated that metformin

markedly reduced the number of tumor-initiating EpCAM+ cells,

whereas sorafenib did not (Fig. 8A). We conducted the non-

adherent sphere formation assay of EpCAM+ cells isolated from

subcutaneous tumors. Metformin treatment as well as co-

treatment with sorafenib markedly impaired primary sphere

formation and even more severely impaired secondary sphere

formation (Fig. 8B and 8C). In contrast, sorafenib treatment had

very little effect on the formation of primary and secondary

spheres (Fig. 8B and 8C). Taken together, metformin could be a

therapeutic agent for the elimination of tumor-initiating HCC

cells, at least in part by inhibiting their self-renewal capacity.

Discussion

A large number of studies have suggested that metformin has an

anti-cancer effect in various types of malignancies including breast

cancer and ovarian cancer, and even in HCC [14–16]. However,

its efficacy against tumor-initiating HCC cells remains to be

elucidated.

In this study, we first conducted cell growth assays in non-

purified Huh1 and Huh7 cells treated with metformin. Consistent

with previous reports, metformin treatment inhibited cell growth

and induced apoptosis in both cell lines in dose-dependent and

time-dependent manners. In addition, flow cytometric analysis

showed a decrease in the proportion of EpCAM+ and CD133+

cells. These results prompted us to examine the direct action of

metformin against tumor-initiating HCC cells. Sphere formation

assays showed that metformin significantly suppressed the

formation of spheres generated from EpCAM+ TICs in a dose-

dependent manner. Subsequent analysis for secondary sphere

formation after replating showed similar results to those of primary

sphere assays. In addition, immunocytochemical analysis revealed

that metformin treatment reduced the number of EpCAM+ and

AFP+ cells in primary spheres. Taken together, it appears that

metformin impaired EpCAM+ tumor-initiating HCC cells and

simultaneously promoted the differentiation towards non-TICs.

Dependency on the mTOR pathway was shown to be higher in

leukemic stem cells (LSCs) than in normal hematopoietic stem cells

and the mTOR inhibitor rapamycin impaired the self-renewal of

LSCs in leukemic mouse models [18]. mTOR signaling also makes

a significant contribution to the maintenance of TICs in breast

Figure 2. Detection of apoptotic cells by staining with Annexin V and PI using flow cytometry. The percentages of Annexin V-positive
cells are shown as the mean values for three independent analyses.
doi:10.1371/journal.pone.0070010.g002
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cancer and prostate cancer [19,20]. The aberrant activation of

mTOR signaling was also observed in approximately 50% of

patients with HCC [21,22]. The mTOR inhibitor, everolimus,

which is currently undergoing clinical trials, exhibited an anti-

tumor effect in some cases of advanced HCC [23]. Taken

together, it appears that mTOR signaling plays an important role

in hepatocarcinogenesis and the progression of HCC.

Figure 3. Flow cytometric profiles of HCC cells and normal hepatocytes treated with metformin (5 or 10 mM) for 72 hours. (A) The
percentages of EpCAM+ fractions are shown as the mean values for three independent analyses. (B) The percentages of CD133+ fractions in Huh7 cells
are shown as the mean values for three independent analyses.
doi:10.1371/journal.pone.0070010.g003
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In the present study, metformin treatment apparently

inhibited the mTOR pathway by phosphorylating AMPK in

EpCAM+ Huh7 cells. Considering that mTOR inhibitors

suppressed the growth of Huh7 cells not only in culture but

also in xenograft models [24,25], it is assumed that metformin

exerted its anti-TIC effect by affecting the AMPK/mTOR

pathway. In contrast, metformin did not alter the activity of the

mTOR pathway in EpCAM+ Huh1 cells despite inducing the

phosphorylation of AMPK. One possible explanation for this is

that mutations in the components of the mTOR pathway,

which have been identified in many cancers and cancer cell

lines, mask the effect of metformin in EpCAM+ Huh1 cells [26].

Another possibility is that the mTOR pathway is not the major

target of metformin and anti-tumor activity is exerted indepen-

dent of the pathway. Several reports support this notion. For

example, metformin was shown to cause cell cycle arrest by

downregulating the expression of cyclin D1 and/or upregulating

that of cyclin-dependent kinase inhibitors such as p21Cip1

without inhibiting the mTOR pathway [27,28]. A previous

report also attributed the anti-tumor activity of metformin to

NF-kB inhibition in breast CSCs [29]. In addition, a recent

study revealed a novel mechanism whereby metformin blocked

glucagon-dependent glucose output from hepatocytes by reduc-

ing cyclic AMP and protein kinase A levels [30]. In the present

study, metformin treatment suppressed the expression of cyclin

D1 in EpCAM+ HCC cells, but not in EpCAM+ normal

hepatcytes. Conversely, metformin increased p21 expression in

EpCAM+ normal hepatcytes, but not in EpCAM+ HCC cells.

Further analyses on the mechanisms of the anti-TIC activity of

metformin are required.

Sorafenib is the sole molecular target drug clinically approved

to treat advanced HCC. However, phase III trials have shown

Figure 4. Non-adherent sphere formation assays of EpCAM+ cells treated with metformin. (A) Western blot analysis of EpCAM expression
in sorted EpCAM+ cells. Tubulin was used as a loading control. (B) Bright-field images of the non-adherent spheres of EpCAM+ HCC cells at day 14 of
culture. Scale bar = 100 mm. (C) Number of large spheres generated from 1,000 EpCAM+ cells treated with metformin. *Statistically significant
(p,0.05). (D) Number of secondary spheres 14 days after replating. *Statistically significant (p,0.05).
doi:10.1371/journal.pone.0070010.g004
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that sorafenib prolonged median overall survival of patients with

advanced HCC by no more than 3 months [31,32]. In our

xenograft transplantation assay, treatment with metformin and

sorafenib similarly suppressed the growth of subcutaneous

tumors and co-treatment appeared to be more effective.

Interestingly, both flow cytometric analysis and immunohisto-

chemical analysis of xenograft tumors revealed that metformin

significantly reduced the number of tumor-initiating EpCAM+

cells, whereas sorafenib treatment had minimal effects on TICs.

Taking these results into consideration, it is possible that the

combined use of metformin and sorafenib exhibited stronger

anti-tumor effect than sorafenib treatment alone in HCC.

In summary, metformin reduced the number and tumorige-

nicity of tumor-initiating HCC cells; however the involvement

of the AMPK/mTOR pathway in its anti-tumor activity

remains ambiguous. Because metformin suppressed cell growth

and decreased the number of EpCAM+ normal hepatocytes,

further analysis might be necessary to determine whether

metformin affects the function of normal hepatic stem/

progenitor cells [33]. It is of importance to examine whether

metformin might be of use for the elimination of TICs in HCC

in clinical trials.

Materials and Methods

Ethics Statement
All experiments using mice were performed in accordance with

our institutional guidelines for the use of laboratory animals and

approved by the Review Board for Animal Experiments of Chiba

University (approval ID: 22–187).

Mice and Reagents
NOD/SCID mice (Sankyo Laboratory Co. Ltd., Tsukuba,

Japan) were bred and maintained in accordance with our

institutional guidelines for the use of laboratory animals (approval

ID: 22–187). Metformin (1,1-dimethylbiguanide hydrochloride)

and sorafenib tosylate were purchased from Sigma-Aldrich (St.

Louis, MO) and LKT laboratories (Saint Paul, MN), respectively.

Cell Culture and Sphere Formation Assay
The HCC cell lines, Huh1 and Huh7, were obtained from the

Health Science Research Resources Bank (HSRRB, Osaka,

Japan). Normal human hepatocytes were obtained from ACBRI

(Kirkland, WA, USA). Cells were cultured in Dulbecco’s modified

Eagle’s medium (Invitrogen Life Technologies, Carlsbad, CA)

containing 10% fetal calf serum and 1% penicillin/streptomycin

Figure 5. Immunostaining of EpCAM+ cell-derived spheres. (A) Hematoxylin and eosin staining and immunocytochemical analysis of EpCAM
and AFP in spheres derived from EpCAM+ cells. Scale bar = 20 mm. (B) The percentage of EpCAM+ cells or AFP+ cells was determined. *, Statistically
significant (p,0.05).
doi:10.1371/journal.pone.0070010.g005
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(Invitrogen). One thousand cells were plated onto ultra-low

attachment six-well plates (Corning, Corning, NY) for the sphere

formation assay. The number of spheres (.100 mm in diameter)

was counted on day 14 of culture. A single cell suspension derived

from original spheres was obtained for the secondary sphere

formation using a Neurocult chemical dissociation kit (StemCell

Technologies, Vancouver, BC, Canada). Paraffin-embedded

sections of spheres were subjected to hematoxylin & eosin (H&E)

staining and immunostaining with anti-EpCAM (Cell Signaling

Technology, Danvers, MA) and anti-AFP (Dako Cytomation,

Carpinteria, CA) antibodies for the pathological analysis.

Growth Curves
The proliferation of HCC cells treated with metformin was

examined using trypan blue staining after 48 and 96 hours of

culture.

Detection of Apoptotic Cells
To detect apoptosis, cells were stained with an anti-CASP3

antibody (Chemicon, Temecula, CA), followed by Alexa-555-

conjugated goat anti-rabbit IgG (Molecular Probes). Apoptotic

cells were also evaluated by staining with Annexin V-allophyco-

cyanin (APC) (BD Biosciences, San Jose, CA) and PI using

FACSCanto (BD Biosciences).

Cell Sorting and Analysis
Single-cell suspensions were stained with an APC-conjugated

anti-EpCAM antibody (Biolegend, San Diego, CA) or APC-

conjugated anti-CD133/1 antibody (Miltenyi Biotec, Auburn,

CA). After incubation, 1 mg/ml of PI was added to eliminate dead

cells. Flow cytometric cell sorting and analysis were performed

using FACSAria or FACSCanto (BD Biosciences).

Figure 6. Cell growth inhibition, induction of apoptosis, and inhibition of the mTOR pathway after metformin treatment in HCC
cells and normal hepatocytes. (A) EpCAM+ cells were subjected to Western blot analysis using anti-PARP, PCNA, cyclin D1, p21, and tubulin
(loading control) antibodies. The arrow indicates the cleaved forms of PARP. (B) EpCAM+ cells were subjected to Western blotting using anti-
phospho-AMPK, phospho-p70S6K, phospho-mTOR, and tubulin (loading control) antibodies.
doi:10.1371/journal.pone.0070010.g006
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Western Blotting
Sorted HCC cells were subjected to Western blot analysis using

anti-EpCAM (Abcam, Canbridge, UK) and anti-tubulin (Onco-

gene Science, Cambridge, MA) antibodies. Metformin-treated

cells were also subjected to Western blotting using anti-PARP (Cell

Signaling Technology), anti-PCNA (Santa Cruz Biotechnologies,

Santa Cruz, CA), anti-cyclin D1 (BD Biosciences), anti-p21 (Cell

Signaling Technology), anti-phospho-AMPK (Cell Signaling

Technology), anti-phospho-mTOR (Ser2448, Cell Signaling

Figure 7. Inhibition of xenograft tumor growth by the administration of metformin and/or sorafenib. (A) A total of 26106 Huh7 cells
were transplanted into NOD/SCID mice. Tumor volume was monitored weekly after the cell transplantation. *Statistically significant (p,0.05). (B)
Representative images of recipient mice treated with metformin and/or sorafenib 6 weeks after the transplantation. (C) Hematoxylin and eosin (H&E)
staining and immunohistochemical analysis of subcutaneous tumors.
doi:10.1371/journal.pone.0070010.g007
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Technology), anti-phospho-p70 S6 Kinase (Thr389, Cell Signaling

Technology), and anti-tubulin antibodies.

Xenograft Transplantation Using NOD/SCID Mice
In the metformin and/or sorafenib treatment model, a total of

26106 Huh7 cells were transplanted into the subcutaneous space

of the backs of NOD/SCID mice. Metformin (250 mg/Kg, by

intraperitoneal injection) and sorafenib (10 mg/Kg, by gavage)

were administered daily. Tumor formation and growth were

observed weekly. To analyze subcutaneous tumors, small pieces of

tumors were put in DMEM containing 5 mg/ml collagenase type

II (Roche) and digested. The cell suspension was centrifuged on

Ficoll (IBL, Gunma, Japan) to remove dead cells and debris.

Harvested cells were subjected to flow cytometric analyses and

sphere formation assays. Subcutaneous tumors were also subjected

to H&E staining and immunohistochemical staining with an anti-

EpCAM antibody (Cell Signaling Technology), anti-CASP3

antibody (Chemicon), and anti-Ki67 antibody (DAKO, Carpin-

Figure 8. Re-analysis of xenograft tumors. (A) Flow cytometric analysis of subcutaneous tumors. The percentages of positive fractions for the
indicated markers are shown as the mean values for three independent analyses. (B) Number of large spheres generated from 1,000 EpCAM+ HCC
cells treated with metformin. *Statistically significant (p,0.05). (C) Number of secondary spheres 14 days after replating. *Statistically significant
(p,0.05).
doi:10.1371/journal.pone.0070010.g008
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teria, CA). These experiments were performed in accordance with

the institutional guidelines for the use of laboratory animals.

Statistical Analysis
Data are presented as the mean 6 SEM. Significant differences

between 2 groups were analyzed using the Mann-Whitney U test.

P values less than 0.05 were considered significant.
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