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Abstract: This study aims to evaluate the potential of metformin in enhancing the radiosensitivity of cholangiocarci-
noma. In this study, we used the methods of proliferation, clonogenic, transfection, western blotting, and cell apop-
tosis assays to test the human cholangiocarcinoma cells. The Orthotopic tumors in SCID mice were treated with
ionizing radiation (IR) and metformin. Our study showed that metformin (5 mM-50 mM) inhibited the proliferation,
induced apoptosis and radio-sensitised cholangiocarcinoma cells. Metformin can phosphorylate and activate AMP
activated kinase (AMPK), therefore activated the Forkhead Box O3a (FOX03a) and down-regulated the Forkhead
Box M1 (FOXM1) at last. However, the FOXM1 expression was up-regulated when we knocked down the FOXO3a.
Metformin or radiotherapy inhibited orthotopic tumor growth and the combined treatment enhanced this effect
further than each treatment alone. Metformin can induce the apoptosis of cholangiocacinoma cells, inhibit tumor
growth and sensitise them to IR. Metformin mediated its radiosensitivity enhancement action through the AMPK-
FOX03a-FOXM1 pathway. Our results suggest that metformin can be a useful radiosensitizer in cholangiocarcinoma.
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Introduction

Cholangiocarcinoma (CC) is a kind of cancer
which developing from the intra- or extrahepat-
ic bile ducts. During the past several decades,
more deaths were caused by the cholangiocar-
cinoma worldwide [1-4], which accounted for
about 3% of all gastrointestinal cancers [5].
These tumors can arise from anywhere of the
biliary tree and develop from the most proximal
peripheral intrahepatic ducts to the distal intra-
duodenal bile duct. Considering the tumor loca-
tion, cholangiocarcinoma contains mainly two
kinds of bile duct cancers (intrahepatic, and
distal extrahepatic), and the perihilar CC is also
a subset of extrahepatic CC [6].

Although surgery is still the main treatment
for cholangiocarcinoma and sometimes it may
be the only choice for potential cure, radiother-
apy is becoming more and more important for
the non-surgical patients with unresectable or
recurrent disease. Among all the factors that

can influence the effect of radiotherapy, the
radiosensitivity of tumor cells is becoming a
rather important reason. While the chemoradi-
tion therapy has been proved efficient to
achieve relatively high local control and to pro-
long the patients’ living time, the serious side
effects of chemotherapy were the problems
that can never be neglected [7].

In the study [8] of Sanli et al, they showed that
ionizing radiation can activate the energy sen-
sor AMP activated kinase (AMPK) pathway,
which is a key kinase that mediates a metabolic
cell cycle checkpoint. AMPK is a downstream
effect or of liver kinase B1 (LKB1), a tumor sup-
pressor mutated in Peutz-Jeghers syndrome. It
is a heterotrimeric enzyme composed by three
subunits: o-, B- and y-subunits, which has the
ability to sense low energy levels through AMP
binding on the y-subunit and is regulated by
the phosphorylation of the a-subunit Thrl72. A
large amount of studies have showed that the
activation of AMPK is able to inhibit cancer
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proliferation in various human cancers [9-11].
Forkhead Box M1 (FOXM1) is a member of the
Forkhead Box transcription factors which is
essential for the proliferation and apoptosis of
cells in the development and function of many
organs [12-14]. Some researchers also illumi-
nated that aberrant up-regulation of FOXM1
is associated with the progression of some
human cancers [15, 16].

Metformin [1-(diaminomethylidene)-3,3-dimet-
hylguanidinelis derived from the French lilac
(Galega officinalis), a plant known for several
centuries to reduce the symptoms of diabetes
mellitus. It is the most widely used oral blood
glucose-lowering drug and has been recom-
mended as first line therapy for newly diag-
nosed type2 diabetes patients [17]. Metformin
has been used in the treatment of type2 diabe-
tes for more than 50 years. Metformin has the
major clinical advantage of not inducing hypo-
glycemia and curing hyperglycemia with obvi-
ous cardiovascular safety. Recently, lots of
studies reported that metformin has the effect
of decreasing risk and improving prognosis of
different kinds of cancers [18-24].

This study was dedicated to: (1) examine wheth-
er metformin can activate the radiosensitivity
of cholangiocarcinoma from both in vivo and in
vitro experiments and (2) investigate the poten-
tial molecular mechanism of the radiosensitivi-
ty enhancement of metformin.

Materials and methods
Antibodies and chemicals

All antibodies were purchased from Cell Sig-
naling Technology (Danver, MA, USA). Metformin
HCL was obtained from Sigma-Aldrich. Canada
(Oakville, ON, Canada).

Cell culture and treatment

Human cholangiocarcinoma QBC-939 and
HCCC-9810 cells were provided by the Liver
Surgery Department of the First Affiliated
Hospital of Nanjing Medical University and cul-
tured in RPMI 1640 (Sigma Chemical Co., St.
Louis, MO, USA) with 10% heat-inactivated fetal
bovine serum (Bio Whittaker, Walkersville, MD,
USA). After overnight incubations, cells were
treated with indicated doses of MET for 24 h
before the indicated doses of radiotherapy.
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Proliferation assay

Cells were seeded (5x10° cells per well) in
96-well plates in triplicate, then adhered over-
night and subjected to treatments accordingly.
After treatment, cells were washed by the phos-
phate-buffered saline (PBS). Cell viability was
measured by using CCK8 cell proliferation and
cytotoxicity assay kit (Beyotime) at 24, and 48
h later. The absorbance was measured at the
wavelength of 450 nm.

Clonogenic assays

Cells (500-1000) were seeded into 6-well
plates in triplicate for overnight culture and
treated with the indicated doses of MET before
IR (O, 2 or 8 Gy with 6 MV X-rays). After 10 days
culture in 5% CO, incubator at 37°C, cells fixed
by the 4% PFA and stained with methylene blue
were counted. Data were fitted to the linear
quadratic model using Graphpad Prism-5 soft-
ware (GraphPad Prism Software Inc., La Jolla,
CA, USA).

Flow cytometric analysis of apoptosis

Apoptosis was quantified with an Annexin
V-FITC apoptosis detection kit (Beyotime Bio-
technology) as described by the manufacturer’s
instructions. After exposure to drugs for 48 h,
the cells were collected and washed with PBS,
then gently resuspended in Annexin V binding
buffer and incubated with Annexin V-FITC/PI.
Flow cytometry was performed using Cellquest
software (BD Biosciences, CA, USA). All experi-
ments were repeated for three times.

Plasmids and cell transfection

In order to knockdown human FOXO3a, the
TriFECTa RNAIi Kit was used (purchased from
Integrated DNA Technologies, Inc., lowa, USA).
Cell transfection was carried out through us-
ing the LipofectAMINETM2000 (Invitrogen) ac-
cording to the manufacturer’s instructions. The
transfection effects were tested by Western
blotting [15, 16].

Western blotting
Cultured cells were lysed in RIPA lysis buffer
(Beyotime Biotechnology) and kept on ice for

20 min. Amount of protein in the lysates was
quantified by BCA kit (Beyotime). Equal amounts
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Figure 1. Metformin sensitizes cholangiocarcinoma (CC) to ionizing radiation (IR). A. Metformin inhibits the prolif-
eration of the CC cells with a time- and dose-dependence. B and C. Clonogenic assay shows that metformin can

enhance the radiosensitivity of CC cells.

of proteins were separated by SDS-PAGE and
transferred to PVDF membranes, which were
probed with the antibodies of AMPK, p-AMPK,
FOX03a, FOXM1 and survivin. The signals were
visualized and quantified using the Image J
software (National Institute of Health (NIH),
Bethesda, MD, USA).

Animal model

Male SCID mice (CB-17/lcr-scidJcl, CLEA Japan
Inc, Tokyo, Japan) at 6-8 weeks of age were
used in this study and maintained in the

13541

Laboratory for Animal Experiments. The proto-
cols for all animal experiments were approved
by the Ethics Committee of Nanjing Medical
University.

Cell lines

Two types of human cholangiocarcinoma cell
lines were used in this study [QBC-939 and
HCCC-9810]. The cell lines were cultured in
RPMI 1640 (Sigma Chemical Co., St. Louis, MO,
USA) with 10% heat-inactivated fetal bovine
serum (Bio Whittaker, Walkersville, MD, USA)
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Table 1. The radiosensitivity of metformin in
QBC-939 cells

QBC-939 DO Dqg SF2 % SER DO
Control 283 0.78 0.81

Met 217  0.12 0.84

IR 1.90 -0.03 0.84

Met+IR 1.50 -0.40 0.89 1.27

Table 2. The radiosensitivity of metformin in
HCCC-9810 cells

HCCC-9810 DO Dqg SF2 SER DO

Control 3.77 1.92 0.78
Met 2.97 0.49 0.87
IR 2.60 0.38 0.85
Met+IR 2.09 -0.47 0.93 1.25

and were maintained at 37°C in a humidified
incubator with 5% CO2 in air.

Orthotopic implantation

QBC-939 and HCCC-9810 cells are directly
implanted in SCID mice, respectively. The sus-
pensions containing QBC-939 cells and Matri-
gel are injected into the bile duct bifurcation
region through the interstitial space between
the hilar bile duct and portal vein. The HCCC-
9810 cells will be injected into the intrahepatic
bile duct in the similar way the QBC-939 cells
did. We suspend 1x107 cells in 150 ul of serum-
free medium. To increase the viscosity of the
injected cell suspension, Matrigel was mixed in
the cell suspension at a 1:1 (vol/vol) ratio 0.5-
ml syringes with 28.5-gauge needles are used
to inject the suspension. We limit the injected
suspension volume within 30 pl, in which way it
can efficiently avoid the leakage of tumor cells
from the injection site. The injection perfor-
mance should be conducted carefully to mini-
mize the damage of the surrounded bile duct
tissue. We use the gelfoam to cover the liver
surface at the injury site for at least 5 minutes
to prevent bleeding and leakaging [25].

Animal treatment

Animals were divided into four groups after
three weeks when the tumor was beginning to
arise along the bile duct tree. Drug treatment
was delivered via injecting 250 mg metformin
body weight or placebo in the same volume per
day till euthanasia. Radiotherapy were deliv-
ered with a conformal technique (after dosimet-
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ric calculations and simulation) using clinical
linear accelerators. Orthotopic implantation
tumors were subjected to O or 8 Gy ionizing
radiation while animals were under gaseous
anaesthesia.

Statistical analysis

The Student 2-tailed t test was used for statisti-
cal analysis of data between treatment groups
for all experiments. Analysis was performed
with SPSS software purchased by SPSS Inc.
(Chicago, IL, USA), presently owned by IBM
(Armonk, NY, USA). Statistical significance was
determined as P-value<0.05.

Results

Metformin inhibits proliferation and enhances
the radiosensitivity of the cholangiocarcinoma
cells

Metformin treatment inhibited the growth of
Cholangiocarcinoma (CC) cells with a time and
dose dependence (Figure 1A). The dose of
IC50 for QBC-939 and HCCC-9810 cells were
52.5 mM and 49.8 mM at 24 h, respectively.
And were 48.2 mM and 46.5 mM for 48 h,
respectively. According to this, we treated CC
cells with low concentration of metformin (5
mM and 25 mM) to investigate the effects of
metformin on radiosensitivity of CC cells. The
clone formation unit of the two CCcells reduced
with the upregulation of the dose of either met-
formin or irradiation (Figure 1B). The results of
radiosensitivity of metformin to the cells were
illuminated by the clone formation curve (Figure
1C).

Then we calculate the SF data which were fitted
into the single hit multi target model formula:
SF=1-(1-e™P)" The SF2 was 0.84, 0.84 and
0.89 for the three experimental groups of QBC-
939 cells, respectively. For HCCC-9810 groups,
the data were 0.87, 0.85 and 0.93, respective-
ly. The sensitization enhancement ratios were
1.27 and 1.25, which indicated that treating CC
cells with metformin can achieve an obvious
radiosensitization effect (Tables 1 and 2).

Metformin induces the apoptosis of cells and
it can enhance this effect when combined with
ionizing radiation

We conducted the flow cytometry assay to
evaluate whether metformin has the ability
to induce the apoptosis of CC cells. The early
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Figure 2. Flow cytometric analysis shows that metformin can induce the apoptosis of CC cells. And it can enhance
this effect when combined with ionizing radiation (IR). Statistically significant difference was found between treat-

ment groups ("P<0.05 and "*P<0.001).

apoptosis rate of three treatment groups were
8.81%, 10.12% and 17.19% for QBC-939 cell
lines, respectively (Figure 2A). And the data
for the HCCC-9810 cell lines were 8.49%,
10.86% and 17.01%, respectively (Figure 2B).
The results showed that the apoptosis rate of
the CC cells were upregulated in the combina-
tion treatment groups when compared with the
treatment alone groups with a statistical sig-
nificance. All the data showed that the metfor-
min not only induce the apoptosis rate of the
CC cells but also enhance this effect of ionizing
radiation.

The radiosensitivity of metformin to the chol-
angiocarcinoma cells is correlated with the
activation of AMPK-FOX03a axis

lonizing radiation stimulated AMPK phosphory-
lation and activity. According to the former
studies [8, 15, 26], we also found that both
metformin and ionizing radiation can induce
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the upregulation of AMPK (Figure 3A). This
study also showed an up-regulation of FOXO3a
and a down-regulation of FOXM1 in the three
treatment groups. The apoptosis correlation
protein-survivin was also down-regulated. Min-
go Ming Ho Yung et al [15] had proved that
the effect of AMPK-FOX03a axis in the cervical
cancer cells. And we got the similar conse-
quence in CC cells (Figure 3A-D). We also found
that metformin can enhance the up-regulation
of FOX03a and down-regulation of FOXM1 in
CC cells which were treated with ionizing radia-
tion (IR). This effect will get enhanced when we
use higher dose of either metformin or IR
(Figure 4A and 4C). Thus we use the FOX03a
siRNA to knock down the FOXO3a expression
to explore the definite effect of the AMPK-
FOXO03a axis. The results showed that the
expression of AMPK and p-AMPK was similar as
before. However, the FOXO3a was obviously
down-regulated. Both FOXM21andsurvivin were
all up-regulated.

Int J Clin Exp Med 2016;9(7):13539-13550
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Figure 3. A-D. Western blotting assay shows that both metformin and ionizing radiation (IR) can induce the phos-
phorylation of AMPK of CC cells with a time-dependence. And we found that they can also induce the up-regulation

of FOXO3a and the down-regulation of FOXM1.

Then we used the flow cytometry experiment to
testify the apoptosis rate of the groups in which
all of them had been treated with the siRNA of
FOXO3a. The early apoptosis rate were 1.69%,
5.74%, 7.65% and 11.31% of the four groups
for QBC-939 cell lines, respectively (Figure 5A).
And 1.67%, 5.40%, 7.38% and 12.39% for
HCCC-9810 cell lines, respectively (Figure 5B).
The early apoptosis rate for the combination
group was higher than the other two experi-
mental groups with a statistical significance for
both of the two cell lines. And all of the groups
came with an obvious lower early apoptosis
rate with a statistical significance when com-
pared with the groups not treated with FOX03a
SiRNA.

Metformin promotes radiation sensitivity in
SCID mice

The SCID mice were divided into four groups
when tumor reached the mean volume of
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35 mm3: untreated (control), metformin alone,
IR alone and combined treatment (MET+IR).
To determine the potential radiosensitization
effect of metformin on CC in vivo, QBC-939 and
HCCC-9810 tumor-bearing mice were treated
with a single fraction of 8 Gy irradiation. Mice
received intraperitoneal injection of metformin
(250 mg/kg) at the same day as the drug
alone group. Either irradiation or combination
group was obviously effective in delaying tumor
growth (Figure 6C).

Discussion

The anti-tumor potential of MET in humans
attracted the scientists’ attention during the
past several years. Large amounts of research-
es demonstrated that the metformin did truly
have the antiproliferative effects for different
cancer cells, although at millimole dose con-
centration of meformin [27, 28]. Considering its
anti-tumor effect, similarly, the radiosensitiza-

Int J Clin Exp Med 2016;9(7):13539-13550
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Figure 4. A and C. Western blotting assay shows that metformin can enhance the up-regulation of FOXO3a and
down-regulation of FOXM1 in CC cells which were treated with ionizing radiation (IR). And this effect will be en-
hanced with the up-regulation of the dose of either metformin or IR. B and D. The expression of FOXM1 will be up-

regulated when the cells were treated with FOXO3a siRNA.

tion effect of metformin also aroused lots of
interests worldwide. Song et al [29] found the
radiosensitisation of breast cancer and sarco-
ma cells induced by metformin atmillimole
dose. Compared to this, Skinner et al and Y
Storozhuk [30, 31] found that metformin could
decrease the surviving fraction of head-neck
and non-small cell lung cancer cells at micro-
mole dose concentration when combined with
ionizing radiation. All these results laid the
basis of our study, in which we showed obvious
antiproliferative effects of 5-50 mM MET in
chogiocarcinoma models.

Metformin was originally developed for the
treatment of hyperglycemia and type2 diabe-
tes. This drug can suppress the hepatic glucose
production and increases insulin sensitivity,
reduces lipolysis in adipocytes and glucose
absorption from intestine [32]. According to the
report of Giovannucci E et al [33] that metfor-
min treating diabetic cancer patients had sub-
stantially (40%) reduced cancer burden com-
pared with other treatments, from which we get
a suggestion that the metformin may have
positive effects to the cancers cells.
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FOX proteins orchestrate the spatio-temporal
regulation of a large number of gene transcrip-
tional activities which are necessary to the tis-
sue homeostasis and development. The dereg-
ulation of the FOX transcription factors can
lead to cancers as FOX proteins are responsible
for a wide range of cell-biological activities such
as cell proliferation, differentiation, angiogene-
sis, apoptosis, et al.

In this study, we demonstrated that metformin
can induce the cellular apoptosis and enhance
sensitivity to radiation in the CC cell lines. And
the mechanism of its radiosensitized effect
may correlate with the activation of AMPK-
FOX03a-FOXM1 axis. In addition, the decrease
of tumor volumes in the orthotopic transplanta-
tion models also indicated that the metfomin
can enhance the radiosensitivity.

In this study, the apoptosis induced by the met-
formin in the CC cells had been examined.
Previous studies showed that the antineoplas-
tic activity of metformin depends mainly on the
AMPK, though other mechanisms have also
been illuminated. Similarly, according to some

Int J Clin Exp Med 2016;9(7):13539-13550
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Figure 5. Flow cytometry assay shows that the apoptosis rate will be down-regulated in the four groups which were treated with FOXO3a siRNA when compared with
the former groups with no FOXO3a siRNA treatment. However, the apoptosis rate of the combination group is still higher than the other two experimental groups with
statistical significance. Statistically significant difference was found between treatment groups ("P<0.05).
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The tumor volume was measured every 7 days for 8 and 9 weeks, respectively. B and C. Show that the average tu-
mor volume data for each treatment group are shown in mean + SEM. Final tumorvolumes were: QBC-939: control:
68.5+5.1 mm?, MET: 59.53+6.7 mm?3, IR: 48.90+3.5 mm? and combination: 31.9+5.2 mm?® and HCCC-9810: con-
trol: 105.39+4.7 mm?3, MET: 97.02+6.13 mm?, IR: 61.35+4.5 mm? and combination: 51.25+4.5 mm?. Statistically
significant difference was found between treatment groups ("P<0.05 and ""P<0.001).

reports [8, 31], ionizing radiation can induce
the activation of AMPK through the same way.
In the study of Mingo Ming Ho Yung et al [15],
they demonstrated that activated AMPK could
reduce FOXM1 expression by blocking the AKT/
FOXO03a signaling pathway and thus inhibit the
cell growth of cervical cancer.

The activated AMPK had an obvious relation-
ship with the upregulation of FOX0O3a, which
can induce the downregulation of FOXM1 and
survivin. And the inhibition of the FOXM1 pro-
tein comes with the increasing of the apoptosis
rate which is consistent with the results of
other researchers.

The forkhead box class O (FOXO0) subfamily of
transcription factors (FOXO1, FOX03a, FOX04
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et al) act downstream of the phosphoinositol-
3-kinase (PI3K)-AKT oncogenic signaling cas-
cade, and are responsible for a multitude of
cellular functions, including cell apoptosis, pro-
liferation, invasion, migration, and resistance
to oxidative stress and DNA damage [34-37]. It
is reported that crosstalk of a lot of deregulated
signaling cascades ends in the inactivation of
the tumor suppressive function of FOX03a,
which shows the antitumor effect of the FOXO3a
[38-41]. However, another forkhead subfamily
member, forkhead box protein M1 (FOXM1),
behaves like a classic oncogene. Like the
FOXOs, FOXM1 also has a close relationship
with the cellular apoptosis, angiogenesis, cell
cycle progression, cell proliferation, tissue re-
pair and homeostasis which has been mani-
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fested by many studies [42]. And the overex-
pression of FOXM1 has also been found in
many different types of cancers [43]. More and
more evidences from the cancer gene expres-
sion studies shed light on that FOXM1 is com-
monly up-regulated in solid tumors [43-45].
According to the reports, it is easily to find that
the expression levels of FOXM1 is proportional
to the stages of human cancers. More interest-
ing is that FOXO3a and FOXM1 compete bind-
ing to the similar DNA sequences and share a
number of downstream target genes [46]. Thus
the effect of the FOXM1 can be antagonized by
the FOX03a, including the genes activated by
the FOXM1 [45].

The anti-tumor effect of Metformin has been
proved in several different kinds of cancers.
And the inhibition of FOXM1 through the up-
regulation of FOXO3a in the cervical cancer
has also been reported recently. Therefore, we
investigated the prospect of metformin as a
potent FOXM1 inhibitor for the CC, and found
that FOXM1 expression in CC cells was sup-
pressed by metformin. These data suggested
that metformin could sensitize CC cells to ra-
diotherapy through the AMPK-FOX03a-FOXM1
axis.

In conclusion, our study indicated that metfor-
min enhances radiosensitivity of CC from both
in vitro and in vivo studies. And the mechanism
of its radiosensitivity enhancement is correlat-
ed with the downregulation of FOXM1 expres-
sion through the activation of AMPK-FOXO3a-
FOXM1 axis. Metformin appears to be a poten-
tial radiotherapy sensitization agent due to its
significant antitumor effect.

Conclusion

Consequently, this study demonstrates that
metformin can inhibit tumor growth and en-
hance the pro-apoptotic effects of radiothera-
py. Metformin mediates the activation of tumor
suppressor and inhibition of survival pathways
of the cells. The radiosensitization effect is the
result of convergence effect of ionizing radia-
tion and metformin through the AMPK-FOX03a-
FOXM1 signal pathway. Our work provides a
basis to the investigation of metformin in com-
bination with radiotherapy in the patients of
cholangiocarcinoma.
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