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Metformin attenuates hypoxia-induced resistance
to cisplatin in the HepG2 cell line
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Abstract. Hepatoblastoma is the most commonly occurring
liver tumor in children. Preoperative chemotherapy and
surgery have improved treatment outcomes; however, further
improvements are required in the treatment of advanced
cases. Recently, the efficacy of transarterial chemoemboli-
zation (TACE) has garnered attention. TACE increases the
local concentration of drugs by transcatheterically admin-
istering antitumor agents, and induces necrosis in the tumor
by embolizing the feeding artery. However, studies have
revealed that tumors exhibit resistance to anticancer drugs
in hypoxic environments. Metformin is a drug used to treat
type 2 diabetes; however, recent reports have indicated that
it may also exhibit antitumor effects in various cancer cell
lines. These effects are hypothesized to be mediated by the
activation of adenosine monophosphate-activated protein
kinase and reduction of mammalian target of rapamycin
signaling, but these effects occur at high concentrations that
are not suitable for use in a clinical setting. The potential
efficacy of metformin at increased physiological concentra-
tions has not been evaluated. The present study investigated
the therapeutic effect of low concentrations of metformin in
combination with cisplatin on liver cancer HepG2 cells in
hypoxic conditions. HepG2 cells were treated with cisplatin
alone, metformin alone, or a combination of these two drugs
and cultured in normoxia or hypoxia. Treatment with either
5 uM cisplatin or 1 mM metformin alone did not significantly
affect cell proliferation or apoptosis in hypoxic conditions.
However, when 5 yM cisplatin was combined with 1 mM
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metformin, a significant inhibition of cell proliferation and
induction of apoptosis was observed in hypoxic HepG2
cells. In conclusion, a low concentration of metformin
attenuates hypoxia-induced resistance to cisplatin in HepG2
cells. Selective delivery of an effective dose of metformin
to a hepatoblastoma tumor may be achievable and clinically
useful with TACE.

Introduction

The most common type of childhood liver tumor is
hepatoblastoma, which is a rare tumor that usually affects
children younger than 3 years of age (1). The treatments
for hepatoblastoma are surgery and chemotherapy (2).
Although surgery is a definitive treatment for this tumor,
cisplatin-based preoperative chemotherapy has improved
treatment outcomes (3). However, in high-risk groups,
such as those with metastasis, tumors in all liver segments,
abdominal extrahepatic disease, major vascular invasion,
low a fetoprotein, or tumor rupture, outcomes remain poor,
and more effective therapies are needed (4). Transarterial
chemoembolization (TACE) has been used for the treatment
of patients with various malignant tumors with some
success (5). Because anticancer agents are administered
through the artery that feeds the tumor, drugs can reach the
tumor at high concentration, and systemic side effects are
reduced (6). In recent years, several reports have indicated
that TACE as a neoadjuvant therapy improves the resection
rate of otherwise unresectable hepatoblastoma compared with
systemic neoadjuvant chemotherapy (7). However, occlusion
of the feeding artery with embolic materials inevitably results
in partial hypoxic conditions in the tumor microenvironment,
as well as tumor necrosis (8). Previous studies have reported
that hypoxic conditions play a role in acquired resistance to
chemotherapy and radiotherapy. Furthermore, some evidence
suggests that hypoxia is involved in tumor metastasis and
recurrence (9), and hypoxia induced by an embolus may
inhibit the efficacy of chemotherapy. Therefore, reduction of
hypoxia may be a strategy for cancer therapy, especially in
combination with TACE treatment.

Metformin is a drug used for the treatment of type 2 diabetes
and has recently been shown to have antitumor effects on some
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cancer cell lines (10-17). Metformin preferentially targets
cancer stem cell-like cells that may be the key drivers of
tumor recurrence in hypoxic conditions (15,18,19). However,
regarding liver tumors, metformin is cytotoxic for HepG2 cells
only at concentrations over 10 mM (20), which is about 2x10°
times higher than the concentration reached in human plasma
after twice daily oral administration of a 500-mg clinical dose
of metformin (21). Systemically, such a high concentration may
affect normal tissue cells with resulting adverse lactate acidosis
and potentially other serious side effects. Assuming that selec-
tive delivery of metformin to the tumor at an effective dose
can be achieved by TACE, we aimed to investigate whether
metformin can modulate acquired chemoresistance following
partial tumor hypoxia, which may be induced by TACE in
clinical application.

Materials and methods

Materials. Dulbecco's modified Eagle's medium (DMEM),
RPMI, and fetal bovine serum (FBS) were obtained from
Sigma-Aldrich; Merck KGaA (Darmstadt, Germany).
Penicillin and streptomycin were obtained from Gibco;
Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Cisplatin
was obtained from Nichi-Iko Pharmaceutical Co. (Toyama,
Japan). Metformin was obtained from Tokyo Chemical
Industry Co. (Tokyo, Japan).

Cell culture and growth conditions. The human liver cancer
cell line HepG2, the human lung cancer cell line A549, and the
human oral squamous carcinoma cell line SAS were purchased
from the Riken BioResource Center (Tsukuba, Ibaraki, Japan).
The human head and neck squamous cell carcinoma line
CA9-22, HSC4 and HO-1-u-1 cells were purchased from the
Cell Resource Center for Biomedical Research, Institute of
Development, Aging and Cancer, Tohoku University (Sendai,
Miyagi, Japan). The human hepatoblastoma cell line HuH-6
were purchased from the Japanese Collection of Research
Bioresources Cell Bank (Ibaraki, Osaka, Japan). HepG2
cells, A549 and HuH-6 cells were grown in DMEM and SAS,
CA9-22,HSC4 and HO-1-u-1 cells were grown in RPMI. Both
types of media were supplemented with penicillin, strepto-
mycin, and 10% heat-inactivated FBS, and cells were grown at
37°C in a humidified atmosphere containing 5% CO,. Hypoxia
was defined as 1% oxygen, which was achieved by culturing
cells in modular incubator chambers (Billups-Rothenberg,
Del Mar, CA, USA) that were flushed with gas mixtures
(95% nitrogen/5% carbon dioxide) and sealed to maintain
hypoxia after checking oxygen concentrations with an oxygen
monitor (JKO-02 Ver. III; JIKCO, Tokyo, Japan).

Cell viability analysis. HepG2 cells were incubated in
24-well ELISA plates (Iwaki, Chiba, Japan) in 1 ml culture
medium at a density of 5x10° cells. A range of concentra-
tions was assessed for cisplatin (0-25 M) and metformin
(0-5 mM). For the trypan blue dye exclusion test, cells were
stained using phosphate-buffered saline (PBS) containing
0.1% trypan blue (Nacalai Tesque, Inc., Kyoto, Japan). Cell
viability was assessed by counting the number of unstained
cells using the TC20™ automated cell counter (Bio-Rad
Laboratories, Inc.,Hercules, CA,USA). Also,SAS,HO-1-u-1,
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HSC4 A549 and HuH-6 cells were incubated in 24-well
ELISA plates (Iwaki) in 1 ml culture medium at a density
of 1.5-5x10° cells depending on the appropriate condition
for confluence. A range of concentrations was assessed for
cisplatin (0 or 5 yM) and metformin (0 or 1 mM). The trypan
blue assay was performed as described above.

Cell cycle analysis. The cell cycle phase distribution was
analyzed using propidium iodide (PI)-RNase (Immunostep,
Salamanca, Spain) staining according to the manufacturer's
instructions. Briefly, cells were harvested following a 24-h
incubation in 6-cm culture dishes (Iwaki) in each condition.
After washing with binding buffer, cells were re-suspended in
the buffer with PI-RNase. Stained cells were analyzed for PI
fluorescence using Cytomics FC 500 (Beckman Coulter, Inc.,
Brea, CA, USA).

Detection of apoptosis. Apoptotic cells were detected
using Annexin V-fluorescein isothiocyanate (FITC) and
7-Aminoactinomycin D (7-AAD; BD Biosciences, San Jose,
CA, USA) according to the manufacturer's instructions.
Briefly, after a 12-h incubation in 24-well ELISA plates in
each condition, cells were harvested, washed, suspended in
100 ul binding buffer, and stained with Annexin V-FITC
and 7-AAD for 15 min at room temperature in the dark.
Apoptotic cells were determined using Cytoflex (Beckman
Coulter, Inc.). After 7TAAD-positive cells were excluded
from gating, the fraction of Annexin V-positive cells was
evaluated. FlowJo (Tomy Digital Biology Co., Ltd.) software
was used to analyze the cytometric data.

Western blot analysis. HepG2 cells were incubated in 6-cm
culture dishes (Iwaki) at a density of 1x10° cells. After a 12-h
incubation, cells were treated with cisplatin and metformin
in hypoxia for 6, 12, or 24 h. Cells were lysed using Cell
Lysis Buffer (cat. no. 9803s; Cell Signaling Technology, Inc.,
Danvers, MA, USA) and protease inhibitor cocktail (cat.
no. 635673; Takara Bio Inc., Shiga, Japan). Cell lysates and
pre-stained molecular weight markers were separated by
SDS-PAGE with 10% Mini-PROTEAN® TGX™ precast gels,
followed by transfer onto polyvinylidene fluoride membranes
with Trans-Blot® Turbo™ (both Bio-Rad Laboratories,
Inc.). The membranes were blocked with Block ACE® (cat.
no. UK-B80; DS Pharma Biomedical Co., Ltd., Osaka,
Japan) dissolved in distilled H,O and then incubated with
various primary antibodies diluted in blocking buffer, Can
Get Signal® solution 1 (Can Get Signal® Immunoreaction
Enhancer Solution; Toyobo Biochemicals, Osaka, Japan).
Rabbit monoclonal anti-p-adenosine monophosphate-acti-
vated protein kinase (AMPK)a antibody (cat. no. 2535;
1:1,000), rabbit polyclonal anti-p-AMPKf1 antibody (cat.
no. 4186; 1:1,000), rabbit anti-p-Akt (Ser473) antibody (cat.
no. 4046; 1:1,000), rabbit monoclonal anti-p-mammalian
target of rapamycin (mTOR) (Ser2448) antibody (cat.
no. 5536; 1:1,000; all Cell Signaling Technology, Inc.),
mouse monoclonal anti-hypoxia-induced factor la (HIF-1a)
antibody (cat. no. 610959; 1:500; BD Biosciences), and
mouse monoclonal anti-actin antibody (cat. no. sc-47778;
1:1,000; Santa Cruz Biotechnology, Dallas, TX, USA)
were incubated for 1 h. The blots were then washed three
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times with Tris-buffered saline containing 0.1% Tween-20
(Bio-Rad Laboratories, Inc.) and incubated with anti-mouse
IgG, horseradish peroxidase-linked antibody (cat. no. 7076;
1:2,000; Cell Signaling Technology, Inc.) in blocking buffer
Can Get Signal® solution 2 (Can Get Signal® Immunoreaction
Enhancer Solution; Toyobo Biochemicals) for 1 h.
Membranes were washed three times, and immunoreactivity
was visualized with Clarity Western ECL substrate using a
chemiluminescence Molecular Imager® ChemiDoc™ XRS+
system (both Bio-Rad Laboratories, Inc.) according to the
manufacturer's instructions.

Transfection with small interfering RNA (siRNA). Silencing
of HIF-1a gene expression was achieved by the siRNA
strategy. HepG2 cells were incubated in 96-well ELISA
plates at a density of 2x10* cells. Cells were transfected
with siRNA targeting human HIF1A (MISSION® siRNA;
Sigma-Aldrich; Merck KGaA) using the TransIT®-mRNA
Transfection kit (Takara Bio Inc.). BLOCK-iT™ Alexa
Fluor™ Red Fluorescent Control (Invitrogen; Thermo Fisher
Scientific, Inc.) was used as a control. The inhibitory effect
of siRNA on HIF1A gene expression was confirmed using
quantitative real-time reverse transcription polymerase
chain reaction (PCR) with the calibration curve method.

Total RNA extraction and reverse transcription-quan-
titative PCR (RT-qPCR). Total RNA was isolated using
Agencourt® RNAdvanced Tissue™ (Beckman Coulter, Inc.)
and Agencourt's patented solid phase reversible immobili-
zation (SPRI) paramagnetic bead technology, according to
the manufacturer's instructions. Briefly, cultured cells were
lysed with lysis buffer and proteinase K and transferred into
new 96-multi-well plates. After total RNA was mixed with
paramagnetic beads, the beads were washed with wash buffer
and 70% ethanol, and separated from contaminants using
Agencourt SPRIPlate 96R. Subsequently, DNase I solution
(Thermo Fisher Scientific, Inc.) was added to each well to
digest the genomic DNA. Total RNA was eluted from the
magnetic particles with nuclease-free water (Thermo Fisher
Scientific, Inc.). Then, first-strand cDNA was synthesized
from the isolated total RNA using iScript™ RT Supermix
for RT-qPCR® (Bio-Rad Laboratories) according to the
manufacturer's instructions. Gene expression was assessed
using qRT-PCR with SsoAdvanced Universal SYBR-Green
Supermix® (Bio-Rad Laboratories) with typical amplifica-
tion parameters of 95°C for 30 sec, followed by 40 cycles
at 98°C for 10 sec and 60°C for 30 sec. Relative differences
were determined by the crossing point method with a stan-
dard curve. The mRNA expression in each condition was
compared after normalization to expression of the house-
keeping gene GAPDH. The oligonucleotide primer sets used
for real-time PCR purchased from Takara Bio Inc. were
as follows: GAPDH forward, 5'-GCACCGTCAAGGCT
GAGAAC-3' and reverse, 5-"TGGTGAAGACGCCAGTGG
A-3'; HIF1A forward, 5'-CTCATCAGTTGCCACTTCCAC
ATA-3' and reverse, 5'-AGCAATTCATCTGTGCTTTC
ATGTC-3".

Measurement of mitochondrial O,”. The MitoSOX™ RED
Mitochondrial O, Indicator (Invitrogen; Thermo Fisher
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Scientific, Inc.) was used to detect mitochondrial O,".
Briefly, cells were incubated with 5 M cisplatin and 1 mM
metformin in hypoxia, washed in PBS, and incubated with
5 uM MitoSOX™ RED at 37°C for 30 min according to the
manufacturer's instructions. The cells were then washed,
re-suspended in 300 ul PBS, and analyzed using Cytomics
FC 500 (Beckman Coulter, Inc.).

HepG?2 cells were incubated in 24-well ELISA plates
(Iwaki). After a 24-h incubation, cells were treated
with cisplatin (0 or 5 pM), metformin (0 or 1 mM) and
N-acetyl-l1-cysteine (NAC; 0 or 10 mM) in hypoxic conditions
in 48 h. The effect of NAC was evaluated by MitoSOX™
RED and the trypan blue assay performed as described above.

Statistical analysis. Results are presented as the
mean =+ standard error of the mean. Significant differences
were determined using the two-sided Student's t-test or Welch's
t-test for unpaired two group, depending on the data distri-
bution. One-way analysis of variance (ANOVA) or two-way
ANOVA were used for multiple comparisons, followed by
Turkey-Kramer's test or Dunnett's test. P<0.05 was considered
to indicate a statistically significant difference. Excel 2013
software (Microsoft Corp., Redmond, WA, USA), with the
add-in software Statcel 4 (OMS Publishing Inc., Tokorozawa,
Saitama, Japan, http://www.oms-publ.co.jp/), was used for
statistical analysis.

Results

Influence of hypoxic conditions on cell growth and viability.
We first investigated the cytotoxic effects of hypoxic condi-
tions in HepG2 cells. The cells were incubated for 0, 12, 24,
or 48 h in normoxic or hypoxic (1% O,) conditions, and then
trypan blue dye exclusion tests and cell cycle analyses were
performed. The number of viable HepG2 cells following
incubation in normoxia significantly increased over time.
In hypoxic conditions, the cell growth rate was almost the
same as in normoxia up to 12 h. However, the proliferation
rate decreased after 12 h, and the number of cells remained
at the same level from 24 to 48 h. The number of viable
HepG2 cells was significantly different between normoxic
and hypoxic conditions at 48 h (P=0.004; Fig. 1A).

The proportion of cells in G1 at 24 h significantly increased
in hypoxic conditions compared with normoxic conditions
(P<0.01). In addition, the proportion of cells in S or G2/M at
24 h significantly decreased in hypoxic conditions compared
with normoxia (P<0.01). Cells showed G1 arrest in hypoxic
conditions (Fig. 1B).

Impact of oxygen status on cytotoxic effect of cisplatin. To
determine the effects of cisplatin on HepG2 cell viability,
HepG2 cells were treated with different concentrations of
cisplatin for 48 h in normoxic or hypoxic conditions. In
hypoxia, the cytotoxic effect of cisplatin was attenuated
compared to normoxia, and the effect was significant at 5 yM
or more (Fig. 2).

Next, we used flow cytometry to investigate the effect of
cisplatin (0-5 pM) on induction of apoptosis. In normoxic
conditions, Annexin V-FITC-positive apoptotic cells
increased depending on the concentration of cisplatin.
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Figure 1. The influence of hypoxia on survival and cell growth in the HepG2 liver cancer cell line. (A) HepG2 cells showed time-dependent growth in
normoxic conditions, but proliferation was significantly inhibited in hypoxic conditions, with a significant difference at 48 h compared to normoxia (P=0.005).
(B) HepG2 cells showed G1 arrest in hypoxic conditions. The results represent the mean + SE of three independent experiments; ““P<0.01 vs. normoxic condi-
tions, as determined by Student's t-test for each time point (A), or the cell cycle distribution at 0 h, as determined by one-way ANOVA with Turkey-Kramer's

post-hoc test (B). ANOVA, one-way analysis of variance.

However, in hypoxic conditions, no significant change was
observed (Fig. 3A). In normoxic conditions, the number of
apoptotic cells at 24 h increased at a concentration of 5 yM
(P<0.05) and at 48 h increased at concentrations of 1 or
5 uM (P<0.01). In the hypoxic conditions, cisplatin induced
apoptosis at 24 h (P<0.05) but did not induce it at 48 h
(Fig. 3B and C). Necrotic cell were no significant change in
each conditions.

Effects of metformin on HepG?2 cell viability and apoptosis
in hypoxic conditions. We observed that metformin
inhibited the proliferation of HepG2 cells in both normoxia
and hypoxia, with a concentration of 5 mM significantly
reducing cell viability in each condition (P<0.01; Fig. 4A).
Next, we investigated the effect of combined treatment
with cisplatin and metformin. Cisplatin decreased viability
in a concentration-dependent manner, but we observed
no significant effect with or without metformin (Fig. 4B).
Although cisplatin alone had no effect on cell proliferation
in hypoxic conditions, in the presence of 1 mM metformin,
cisplatin demonstrated antitumor effects in hypoxia (P=0.024
at 5 uM and P=0.005 at 10 uM; Fig. 4C).

In normoxic conditions, cisplatin combined with
metformin did not affect apoptosis compared with cisplatin
alone (Fig. 4D). The combination treatment with these
two agents in hypoxic conditions increased the number of
apoptotic cells compared to treatment with cisplatin alone
(P=0.031; Fig. 4E).

To confirm the potential clinical relevance of these
effects, we also tested the effects on the other hepatoblas-
toma HuH-6 cell line and the other cancerous cell lines
that are often treated with cisplatin in the clinic, such as a
lung adenocarcinoma A549 cells, head and neck squamous
cell carcinoma SAS, HO-1-u-1 and HSC4 cells. For SAS
and HO-1-u-1 cells, the cisplatin-induced cytotoxicity was
enhanced selectively by combining metformin in hypoxic
cells that acquired resistance to cisplatin compared to
normoxic cells (P=0.04 for SAS, and P=0.03 for HO-1-u-1,
respectively) (Fig. SA-D). Also in A549 cells, there was a
tendency of significance for these effects (P=0.064) On the
other hand, for HuH-6 and HSC4 cells, no obvious resistance
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Figure 2. Impact of oxygen status on the cytotoxic effect of cisplatin.
In hypoxia, the cytotoxicity of cisplatin was attenuated compared to
normoxia, and this effect was significant at 5 yM or more. The results
represent the mean + SE of three independent experiments; "P<0.05 and
“P<0.01 vs. normoxic conditions, as determined by Student's t-test for each
concentration. CDDP, cisplatin.

to cisplatin was induced by hypoxia, and no significant
change was observed when metformin was added to these
cells (Fig. 5E-J). These results suggest that the hypoxic
cell-selective attenuation of the cytotoxicity of cisplatin
by metformin may depend on the acquisition of treatment
resistance induced by hypoxia, which is different for each
cell type.

HIF-1o mediates a pathway in which metformin modulates
hypoxia-induced resistance to cisplatin. Administration of
metformin suppresses the respiratory chain in mitochondria
and produces reactive oxygen species (ROS) in cells (22).
Therefore, we first examined whether ROS is involved
in the effect of metformin. HepG2 cells were cultured
with 5 uM cisplatin with or without metformin in hypoxic
conditions. We observed no significant change in MitoSOX
RED-positive cells between mock and metformin treatment
(19.7£1.6 vs. 21.6+£3.9%, respectively; P=0.61) (Fig. 6A). NAC
(10 mM) induced a decrease in MitoSOX RED-positive
cells in both mock and metformin-treated cells (14.5+1.2,
15.9+4.1%, respectively) (Fig. 6B). NAC did not reduce the
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Figure 3. Hypoxia inhibits induction of apoptosis by cisplatin in HepG2 cells. Flow cytograms of cells harvested from cultures after treatment with cisplatin
were analyzed. (A) Of the 7-AAD-negative population in these gated cells, a fraction of Annexin V-positive cells was induced by cisplatin in normoxic condi-
tions. Apoptosis was induced by cisplatin in normoxic conditions at 48 h, but the change was not clear in hypoxic conditions. (B and C) These values were
expressed as a percentage. Induction of apoptosis by cisplatin increased in a dose-dependent manner in normoxic conditions (P<0.05 at 5 xM at 24 h and P<0.01
at 1 and 5 uM at 48 h), but this effect was attenuated at 48 h in hypoxic conditions. The results represent the mean + SE of three independent experiments;
“P<0.05 and “P<0.01 vs. untreated cells for each oxygen condition, as determined by one-way ANOVA by following Dunnett's test. “"P<0.01 vs. normoxic
conditions, as determined by Student's t-test for each concentration. CDDP, cisplatin; FITC, Fluorescein isothiocyanate; 7-AAD, 7-Aminoactinomycin D.

number of viable cells (Fig. 6C). These results did not support
the involvement of ROS in the effects of metformin.

In addition, metformin induces an antitumor effect via
inhibition of mTOR by activation of AMPK (22). Therefore,
we evaluated the expression and phosphorylation of a series
of relevant proteins. HepG2 cells were cultured with 5 yM
cisplatin with or without metformin in hypoxic conditions.
We observed no difference in the expression of p-AMPKa or
p-AMPKJf} between the presence and absence of metformin.
In untreated hypoxic cells, activation of Akt and mTOR was
not observed, but activation of Akt and mTOR was enhanced
by cisplatin administration. Administration of metformin
suppressed the activity of Akt and mTOR. This change was
remarkable at 24 h. HIF-1la was expressed in hypoxic condi-
tions and was remarkably inhibited at 24 h after metformin
administration (Fig. 7A).

To confirm the involvement of HIF-la in the mecha-
nism of the effects of metformin, we also examined HIF-1a
knockdown cells following transfection of siRNA, which
significantly inhibited HIF-1a gene expression (Fig. 7B). The
siRNA control and siHIF-1a cells were treated with 5 yuM
cisplatin with or without metformin in hypoxic conditions.
For the sicontrol-treated cells, although there was assumed
to be the tendency that the toxicity of cisplatin was enhanced
with combining metformin (P=0.087 in comparison of with
or without combining metformin on Student's t-test), signifi-
cant difference was not seen correctly on two-way ANOVA
statistical analysis in this experimental condition (P=0.134).
On the other hand, combining metformin had no effect in the
siHIF-treated cells (P=0.35) (Fig. 7C and D).

These results suggested that HIF-1a is involved in the
modulation of resistance to cisplatin by metformin. In addition,
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Figure 4. Attenuation of hypoxia-induced cisplatin resistance by a non-toxic concentration of metformin. (A) Metformin lower than 2 mM did not inhibit the
proliferation of HepG2 cells in either normoxic or hypoxic conditions. The results represent the mean + SE of three independent experiments as determined
by one-way ANOVA by following Dunnett's test. (B) In normoxia, cisplatin showed the same cytotoxicity regardless of the presence or absence of metformin.
(C) In hypoxia, the cytotoxicity of cisplatin was increased by 1 mM metformin. (D and E) Combination treatment increased apoptosis compared to treatment
with cisplatin alone in hypoxic conditions. The results represent the mean + SE of three independent experiments; "P<0.05 and “P<0.01 vs. cisplatin alone, as

determined by Student's t-test or Welch's t-test. CDDP, cisplatin; ANOVA, one-w

in agreement with the results in Fig. 5, metformin may mediate
resistance to cisplatin in hypoxic conditions through HIF-1a.

Discussion

In the present study, we examined the potential of the combina-
tion of low-dose metformin and cisplatin to induce apoptosis
in hypoxic HepG2 cells. Our results revealed that metformin
enhances the antitumor effect of cisplatin in hypoxic condi-
tions in this cell line. Although cisplatin has an antitumor
effect in normoxia, its effect was greatly attenuated in hypoxia.
Low-dose metformin (1 mM) did not induce cytotoxicity in
hypoxic HepG2 cells, and enhanced apoptosis induced by
cisplatin but only in hypoxic conditions. This study is the first
report to reveal a synergistic effect of metformin and cisplatin
on hypoxic HepG2 cells.

Tumor cells show resistance to treatment in hypoxia. The
transcription factor HIF-1la accumulates in tumor cells in
hypoxic conditions and is involved in the acquired resistance

ay analysis of variance.

to cancer therapy and adaptation to hypoxia. HIF-1a is trans-
ported into the nucleus and promotes the expression of many
genes involved in angiogenesis, cell proliferation, glucose
metabolism, and apoptosis. Furthermore, intracellular accu-
mulation of HIF-1a inhibits the production of ROS induced by
hypoxic stress, and HIF-1a plays an important role in the cell's
adaptation to hypoxia (23). Furthermore, tumor cells undergo
epithelial-mesenchymal transition (EMT) in a hypoxic
environment, increasing the possibility of invasiveness and
metastasis. HIF-1a activation is potentially involved in the
process of EMT induced by hypoxia (9). With this in mind,
hypoxia-induced HIF-1a is considered a therapeutic target to
overcome chemotherapy resistance, and various HIF-1 inhibi-
tors are being studied (23-26).

A previous report has indicated that metformin may
improve treatment resistance in hypoxic cell lines (27).
Metformin is widely used worldwide as a therapeutic agent
for type 2 diabetes, but also has antitumor effects in some
types of cancer cell lines, including cholangiocarcinoma,
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Figure 5. Metformin exhibited a similar effect of reducing treatment resistance in hypoxia in other cells. (A-D) The cytotoxic effect of cisplatin in
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ovarian cancer, pancreatic cancer, and epidermoid carci-
noma (28-31). Metformin exhibits its antitumor effects
via inhibition of mTOR by activation of AMPK (32).
A recent report showed that metformin suppresses the
above-mentioned HIF-1 expression (27). In our study,
metformin did not activate AMPK, but inhibition of Akt,

mTOR, and HIF-1la was observed. Metformin affects
proteins other than AMPK. Metformin suppresses the
phosphoinositide 3-kinase/Akt/mTOR pathway through
inhibiting the action of insulin-like growth factor-1 (33).
Also, Metformin can affect the same pathway suppressively
via inhibition of Rag GTPase-mediated mTOR complex
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1 signaling (34). Promotion of the degradation of HIF-1a
by suppression of its stability is one mechanism of action
of metformin (35). These mechanisms are thought to be
involved in improving hypoxia-induced cisplatin resistance.
Metformin inhibits complex I of the mitochondrial respira-
tory chain, an important source of ROS production (36). In

our study, metformin did not induce production of ROS, and
ROS was not involved in the effect of a low concentration
of metformin. A possible effect of metformin on ROS may
be concentration dependent. Our results also confirmed
that by knocking down the HIF-1a gene, hypoxia-induced
resistance to cisplatin disappeared in HepG2 cells, and the



synergistic effect of cisplatin and metformin disappeared as
well. The effect of a low concentration of metformin was
confirmed by hypoxia-induced resistance that was medi-
ated by HIF-1a. In addition, we also confirmed the effect of
combining metformin on other cells that acquired cisplatin
resistance in hypoxic conditions. These results suggest that
metformin may improve the treatment efficacy by selec-
tively affecting on the resistant fraction to cisplatin included
in the heterogeneous tumor tissue in multiple cancer types.
Metformin is a safe drug compared to other biguanides, but
lactic acidosis is a serious side effect (37). With oral admin-
istration, obtaining a blood concentration that is needed to
affect tumors will increase the amount of medicine to be
administered, and side effects are likely to result. Therefore,
effective treatment at low doses is clinically necessary.

For many high-risk hepatoblastoma cases, surgical
resection as a definitive therapy is difficult, and neoadjuvant
chemotherapy is often performed to reduce the tumor size
before surgery. However, this approach is often ineffective,
and recently the efficacy of TACE has attracted increasing
attention (7,38-40). TACE can deliver anticancer drugs
to tumors at high concentrations, potentially increasing
the likelihood of a robust antitumor response. TACE
may be particularly applicable for hepatoblastoma (38).
Hirakawa et al (7) reported that by adding TACE to systemic
chemotherapy, the mean tumor reduction rate improved
from 44.3 to 60.9% and the mean a fetoprotein reduction
rate improved from 63.4 to 94.8%. Performing TACE before
surgery improves bleeding control and reduces the tumor
mass, resulting in improved resection efficacy (39). TACE
has been suggested as a treatment option for chemoresistant
unresectable cases for which liver transplantation is not an
option or as ‘bridging’ treatment for those patients awaiting
liver transplantation (40). However, the TACE procedure may
increase the risk of resistance to chemotherapy by occluding
the blood flow and inducing hypoxia with a concomitant risk
of invasion and recurrence through EMT due to changes
in the tumor microenvironment (41). Our current results
suggested that low-dose metformin (I mM) may reduce
resistance to cisplatin in hypoxic conditions that result from
TACE. Therefore, administration of metformin in combina-
tion with TACE for hepatoblastoma may have very practical
advantages for improving treatment intensity and reducing
recurrence. Further in vivo studies are needed in which
cisplatin and metformin are administered by catheter place-
ment into the hepatic artery of animal models.

In conclusion, we have shown that a low concentration of
metformin attenuates hypoxia-induced resistance to cisplatin
in HepG2 cells. Thus, low-dose metformin has high potential
to enhance the therapeutic effect of cisplatin in hepatoblas-
toma and to improve the prognosis of patients.
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