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Abstract. Hypoxia plays a crucial role in cancer develop-
ment and progression. Overexpression of hypoxia‑inducible 
factor‑1α (HIF‑1α) has been demonstrated in a hypoxic 
microenvironment in various tumor types. Metformin has 
been identified as an antitumor drug in various tumor types. 
However, its role in cellular migration in a hypoxic microen-
vironment, and the associated regulatory mechanism, have yet 
to be fully elucidated. The present study aimed to investigate 
the clinical significance of HIF‑1α, and its biological role, in 
gallbladder cancer (GBC). Furthermore, the role of metformin 
in cellular migration, and its underlying mechanism in GBC, 
were also identified. Real‑time quantitative polymerase chain 
reaction analysis and immunohistochemistry experiments 
revealed that HIF‑1α was significantly upregulated in GBC 
tissues. HIF‑1α overexpression was closely associated with 
lymph node metastasis and tumor‑lymph node‑metastasis 
(TNM) stages. HIF‑1α was able to promote cell migration 
in a hypoxic microenvironment by overexpressing vascular 
endothelial growth factor (VEGF) in GBC‑SD cells, an effect 
which was partly reversed by small‑interfering RNA HIF‑1α 
(siHIF‑1α) and 2‑methoxyestradiol. Further experiments 
demonstrated that metformin inhibited hypoxia‑induced 
migration via HIF‑1α/VEGF in vitro. In addition, metformin 

suppressed GBC growth and downregulated the expression of 
HIF‑1α and VEGF in a GBC‑SD cell xenograft model. Taken 
together, these results suggest that HIF‑1α may contribute to 
tumor migration via the overexpression of VEGF in GBC, 
while metformin is able to inhibit tumor migration by targeting 
the HIF‑1α/VEGF pathway.

Introduction

Gallbladder cancer (GBC) is the fifth most common cancer 
among the various types of gastrointestinal malignancies, and 
the most commonly occurring malignant tumor of bile tract 
cancer (BTC) worldwide (1). Currently, the major therapeutic 
options include surgical resection, radiation therapy and 
chemotherapy, and R0 complete surgical resection is the only 
effective treatment (2). Although new improvements have been 
made in the diagnosis and therapy of GBC, leading to better 
prognoses, only 30% of GBC patients are considered to be 
suitable candidates for surgery, and the overall 5‑year survival 
rate is <5% (3). Additionally, post‑operative recurrence and 
metastasis also serve a crucial role in the progression of GBC. 
Therefore, identifying early diagnostic markers and novel 
therapeutic targets is urgently required.

Hypoxia exerts a crucial role in the tumor microenvi-
ronment, particularly in solid tumors  (4). Accumulating 
evidence shows that hypoxia plays a key role in tumori-
genesis, including angiogenesis and migration  (5‑7). 
Hypoxia‑inducible factor‑1α (HIF‑1α) is sensitive to cellular 
oxygen levels, and is stabilized under conditions of hypoxia 
such that it may activate its target genes  (8), particularly 
vascular endothelial growth factor (VEGF) (9). The role of 
VEGF in hypoxia‑induced angiogenesis has been extensively 
studied in numerous types of cancer, including GBC (10). 
The microenvironment in numerous types of solid tumors 
is affected under hypoxic conditions, and results in the 
overexpression of HIF‑1α (11,12). Therefore, targeting the 
expression of HIF‑1α may represent a novel strategy for 
cancer therapy.
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Metformin, which is a member of the biguanide family, 
is predominantly used for the treatment of type 2 diabetes 
by increasing insulin sensitivity (13). Recently, epidemiolo-
gists discovered that diabetic patients who were treated with 
metformin had a lower risk, and lower incidence, of multiple 
types of cancer (14,15). Furthermore, accumulating evidence 
has demonstrated the antitumor effect of metformin on various 
cancer types, including biliary tract cancer (BTC)  (16). 
HIF‑1α is a heterodimeric transcription factor, comprising 
α and β subunits, that is associated with glucose uptake and 
angiogenesis  (17). Guimaraes et al  (18) demonstrated that 
metformin was able to inhibit HIF‑1α and led to an increase in 
cell death in squamous cell carcinoma. Zhou et al (19) showed 
that metformin could inhibit the expression of HIF‑1α via 
inhibition of the enhanced cellular oxygenation capability in 
hepatocellular carcinoma HepG2 cells. However, the role of 
metformin in cellular migration in a hypoxic microenviron-
ment in GBC‑SD cells, and its associated mechanism, have yet 
to be fully elucidated.

In the present study, it was demonstrated that HIF‑1α is 
overexpressed in GBC tissues, and that HIF‑1α overexpres-
sion is correlated closely with lymph node metastasis and 
tumor‑lymph node‑metastasis (TNM) stages. These results 
suggested that hypoxia promoted cell migration and increased 
the expression of HIF‑1α and VEGF. Furthermore, it was 
shown that metformin reversed hypoxia‑induced migration 
by targeting the HIF‑1α/VEGF pathway. In conclusion, the 
present study demonstrated that HIF‑1α may contribute 
towards tumor migration via overexpression of VEGF in 
GBC, while metformin is able to inhibit tumor migration by 
targeting the HIF‑1α/VEGF pathway.

Materials and methods

Patient tissue samples. The present study was approved by 
the Clinical Research Ethics Committee of the First Affiliated 
Hospital of Zhengzhou University. Tumor and adjacent 
non‑tumorous tissues were collected from 34 patients with 
GBC who had undergone cholecystectomy at the First Affiliated 
Hospital of Zhengzhou University between June 2016 and May 
2017. Normal gallbladder tissues from patients with chronic 
cholecystitis were included for comparison. Non‑cancerous 
tissues were obtained from soft tissue located >1 cm from the 
edge of the tumor, and non‑cancerous tissues were observed 
under a microscope by a pathologist. Tissues were immediately 
snap‑frozen in liquid nitrogen following surgical resection and 
stored at ‑80ºC prior to analysis. Complete clinicopathological 
and laboratory data were collected from each subject. Patients 
who had received radiotherapy, chemotherapy or immunotherapy 
prior to surgery were excluded. As described by the American 
Joint Committee on Cancer (AJCC) in 2010 (20), clinical stage 
was classified according to the TNM staging system.

Cell culture and transfection. Human GBC‑SD cells were 
purchased from the Shanghai Cell Bank (Chinese Academy of 
Sciences) and cultured in RPMI‑1640 medium (HyClone™; GE 
Healthcare Life Sciences, Beijing, China) supplemented with 
10% fetal bovine serum (FBS; GemCell™), 100 U/ml penicillin 
and 100 mg/l streptomycin (Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany) under a humidified atmosphere of 5% 

CO2 at 37ºC. The small‑interfering RNA HIF‑1α (siHIF‑1α) 
and the negative control were purchased from GenePharma 
Biotechnology (Shanghai, China). Transfection was performed 
using Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher 
Scientific Inc., Waltham, MA, USA) following the manu-
facturer's protocol. The siHIF‑1α‑1 primer sequences were 
5'‑GCC​GAG​GAA​GAA​CUA​UGA​ATT‑3' (sense) and 5'‑UUC​
AUA​GUU​CUU​CCU​CGG​CTT‑3' (antisense); the siHIF‑1α‑2 
primer sequences were 5'‑GCU​GAU​UUG​UGA​ACC​CAU​
UTT‑3' (sense) and 5'‑AAU​GGG​UUC​ACA​AAU​CAG​CTT‑3' 
(antisense). The sequences of the negative control were 
5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3' (sense) and 5'‑ACG​
UGA​CAC​GUU​CGG​AGA​ATT‑3' (antisense).

Immunohistochemistry (IHC). For IHC, the slides were 
immersed in heated antigen retrieval solution (10 mmol/l 
citrate buffer, pH  6.0), and subsequently treated with 3% 
hydrogen peroxide (H2O2) for 10 min. After washing with 
PBS, the slides were incubated with diluted primary anti-
body (HIF‑1α; cat. no. 20960‑1‑AP, 1:100 dilution; VEGF, 
cat.  no.  19003‑1‑AP, 1:100 dilution; Proteintech, Wuhan, 
China) at 4ºC overnight and then the secondary antibody 
(cat. no. PV‑9000, 1:500 dilution; ZSGB‑BIO, Beijing, China) 
for 20 min at room temperature. The reaction was developed 
using a 3,3'‑diaminobenzidine (DAB) kit (cat. no. ZLI‑9017; 
ZSGB‑BIO, 1:50 dilution in buffer). Finally, the slides were 
counterstained in hematoxylin prior to dehydration and 
mounting. Staining reactions were determined on examination 
under a light microscope (CX31, Olympus, Japan; original 
magnification, x200).

RNA extraction and real‑time quantitative polymerase chain 
reaction (RT‑qPCR). Total RNA was extracted from tissue 
samples using TRIzol (Invitrogen; Thermo Fisher Scientific, 
Inc.), according to the manufacturer's protocol. RNA was tran-
scribed to cDNA according to the manufacturer's protocol by 
using the Takara PrimeScript First Strand cDNA Synthesis kit 
(Takara Biotechnology Co., Ltd., Dalian, China). SYBR‑Green 
(Takara Biotechnology Co., Ltd.) was added to quantify the 
expression of HIF‑1α, according to the protocol provided. The 
primers used were as follows: HIF‑1α, 5'‑TGC​AAC​ATG​GAA​
GGT​ATT​GC‑3' (sense), and 5'‑TTC​ACA​AAT​CAG​CAC​CAA​
GC‑3' (antisense); and β‑actin, 5'‑CCT​GGC​ACC​CAG​CAC​
AAT‑3' (sense), and 5'‑GGG​CCG​GAC​TCG​TCA​TAC‑3' (anti-
sense). PCR reaction conditions were performed as followed: 
95ºC for 60 sec, and 40 cycles of 95ºC for 15 sec, 60ºC for 
15 sec, and 72ºC for 45 sec The relative expression levels were 
determined using the comparative ΔΔCq method (21).

Wound healing assays. GBC‑SD cells were seeded at a density 
of 1x106/ml into 6‑well plates and cultured overnight at 37ºC. 
After the GBC‑SD cells had been spread over the plates, a 
vertical long wound was scratched into the cells, and the 
cells were washed with PBS twice. Images of the cells were 
captured at that time‑point; GBC‑SD cells were pre‑cultured 
under hypoxia for 2 h and treated with 20 mM metformin, 
maintaining the cells in culture under hypoxic conditions 
with 2% FBS for 48 h, after which time further images were 
captured. The wound closure ratio was calculated as follows: 
(wound width at 0 h‑wound width at 48 h)/wound width at 0 h.
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Migration assay. A total of 1x105 cells were suspended in 
100 µl serum‑free medium and added to the upper chamber of 
a Transwell plate, and 600 µl 10% FBS medium was added to 
the bottom chamber of the Transwell plate. GBC‑SD cells were 
pre‑cultured under hypoxia for 2 h, and treated with 20 mM 
metformin, following incubation for 24 h; those cells that had 
stuck to the lower surface of the membrane were washed with 
PBS and fixed in 100% methanol for 20 min, and then stained 
with 0.1% crystal violet for 10 min at room temperature. The 
cellular migration through the membrane was visualized 
using an inverted microscope (IX71, Olympus, Japan; original 
magnification, x100).

Western blot analysis. Whole cell lysates were extracted with 
RIPA buffer on ice for 20 min. Protein concentration was 
determined using a BCA kit assay (Beyotime Institute of 
Biotechnology). Each extract containing ~30 µg protein was 
subjected to 10% SDS‑polyacrylamide gel electrophoresis 
(PAGE), and then transferred onto polyvinylidene difluoride 
(PVDF) membranes (Merck Millipore, Bedford, MA, USA). 
The membranes were blocked in PBS containing 5% non‑fat dry 
milk for 1 h at room temperature, and were then incubated with 
the primary antibodies against HIF‑1α (cat. no. 20960‑1‑AP; 
1:300 dilution), VEGF (cat. no. 19003‑1‑AP; 1:800 dilution) 
and β‑actin (cat. no. 60008‑1‑Ig, 1:5,000 dilution; all from 
Proteintech, Wuhan, China) overnight at 4˚C, followed by six 
washes for 5 min with PBS. The membranes were subsequently 
incubated with peroxidase (HRP)‑conjugated goat anti‑rabbit 
IgG (cat. no. IH‑0031, 1:5,000 dilution; DingGuo BioTech Co., 
Ltd., Beijing, China) or peroxidase (HRP)‑conjugated goat 
anti‑mouse IgG (cat. no. IH‑0011, 1:5,000, dilution; DingGuo 
BioTech Co., Ltd.) for 1 h at room temperature, and washed 
six times with PBS. Blots were detected using an enhanced 
chemiluminescence western blotting detection kit (Thermo 
Scientific™ Pierce™ BCA™ Protein assay; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol.

Experimental xenograft model. The animal protocol was 
approved by the Institutional Animal Care and Use Committee 
of the First Affiliated Hospital of Zhengzhou University. 
Twelve female immunodeficient BALB/c nude mice at 
4 weeks of age, with an initial body weight of 16±2 g, were 
purchased from Vital River Laboratory Animal Technology 
Co., Ltd. (Beijing, China). The animals were raised under 
pathogen‑free conditions at the Institute of Medicine, 
Zhengzhou University at a temperature of 25±2˚C and a 
relative humidity of 70±5% under controlled light conditions 
(12/12 h light/day cycle) and fed with standard laboratory food 
and water. GBC‑SD cells in the exponential phase of growth 
were resuspended in 200 µl serum‑free culture medium at a 
density of 5x106 cells, and subsequently tumor xenografts were 
established by subcutaneous inoculation of the GBC‑SD cells 
into the right flank of nude mice. The mice were randomly 
divided into two groups (with 6 mice/group): i) the negative 
group, which was administered PBS; and ii) the metformin 
group, which was administered 350 mg/kg metformin (22,23) 
(intra‑gastric infusion, daily). The volume of the tumors was 
measured every 4 days. Maximum allowable tumor volume 
based on ethical guidelines was <2,500 mm3. Tumor volume 
was calculated using calipers and estimated according to the 

following formula: Tumor volume (mm3) = (length x width2)/2. 
One month afterwards, the animals were sacrificed by cervical 
dislocation after anesthetized by 1% pentobarbital, and the 
tumor tissue was removed and measured. Xenograft tumors 
were harvested and cut into 4‑µm sections for IHC analysis.

Statistical analysis. All data are presented as the 
mean ± standard deviation from at least three independent 
experiments. Differences between groups were assessed 
using the Student's t‑test followed by Shapiro‑Wilk W test, or 
one‑way (ANOVA) followed by Bonferroni test, or a χ2 test. 
P<0.05 was considered to indicate a statistically significant 
difference, and analyses were performed using SPSS 17.0 
software (SPSS, Inc., Chicago, IL, USA).

Results

HIF‑1α is upregulated in GBC tissue. The expression of HIF‑1α 
in 34 paired GBC and adjacent normal gallbladder tissues was 
investigated via qRT‑PCR and IHC experiments. As showed 
in Fig. 1A, the results obtained demonstrated that the mRNA 
expression of HIF‑1α was higher in GBC tissues compared 
with that observed in the adjacent normal gallbladder tissues 
through RT‑PCR experiments. As showed in Fig.  1B, the 
mRNA expression of HIF‑1α in lymph node metastasis cancer 
tissues was higher (N1/2) than that in non‑lymph node metas-
tasis cancer tissues (N0), which suggested that HIF‑1α was 
upregulated in GBC tissues at the mRNA level, particularly 
in lymph node metastasis cancer tissues. Moreover, we also 
analyzed the HIF‑1α protein expression levels through using 
IHC. As showed in Fig. 1C‑E, expression of HIF‑1α was higher 
in GBC tissues compared with that in the adjacent normal 
gallbladder tissues and chronic cholecystitis tissues, which 
was consistent with the PCR results. Furthermore, the associa-
tion between HIF‑1α and clinicopathological features was also 
analyzed. As shown in Table I, aberrant expression of HIF‑1α 
was associated with lymph node metastasis and TNM stage. 
These results indicate that HIF‑1α may serve an important role 
in progression of GBC.

Hypoxia induces cell migration and increases the expression 
of HIF‑1α and VEGF. GBC‑SD cells were cultured under 
conditions of hypoxia (94% N2, 5% CO2, 1% O2) or normoxia. 
Wound healing and Transwell assays were performed to detect 
the ability of the cells to metastasize. As shown in Fig. 2A, 
compared with the normoxia treatment group, treatment with 
hypoxia significantly promoted the ability of cells to migrate. 
Fig.  2B also shows the presence of 234.4±17.7 migrated 
cells per high‑power field in the hypoxia group, which was 
significantly higher when compared with that in the normoxia 
treatment group (147.4±11.7). To further elucidate the molec-
ular mechanism involved in cell migration, the expression of 
HIF‑1α, VEGF, β‑catenin and p‑Akt was investigated using 
western blotting. As shown in Fig. 2C, following the culture 
of GBC‑SD cells under conditions of hypoxia for 12, 24 and 
48 h, the expression level of HIF‑1α and VEGF in GBC‑SD 
cells was increased, while the expression level of β‑catenin 
and p‑Akt exhibited no obvious changes. These data indicate 
that hypoxia may increase cell migration by activating HIF‑1α 
and VEGF.



YE et al:  METFORMIN SUPPRESSES HYPOXIA-INDUCED MIGRATION IN GALLBLADDER CANCER3504

Figure 2. HO induces GBC cell migration and upregulates the expression of HIF‑1α and VEGF. (A) The influence of HO on cell migration by wound closure. 
(B) The influence of hypoxia on cell migration by Transwell assays. (C) Analyses of HIF‑1α, VEGF, β‑catenin and p‑Akt following treatment with hypoxia in 
GBC‑SD cells by western blot analysis. Data shown represent the mean ± standard deviation from triplicate measurements. *P<0.05 vs. NC. Original magni-
fication, x100. HO, hypoxia; NC, negative control; HIF‑1α, hypoxia‑inducible factor‑1α; GBC, gall‑bladder cancer; VEGF, vascular endothelial growth factor.

Figure 1. HIF‑1α is upregulated in GBC tissues. (A) Expression of HIF‑1α in adjacent non‑tumorous and GBC tissues was detected by real‑time quantitative 
polymerase chain reaction analysis. (B) Expression of HIF‑1α in non‑lymph node metastasis tissue (N0) and lymph node metastasis tissue (N1/2) as detected 
by quantitative real‑time polymerase chain reaction analysis. (C) Chronic cholecystitis tissue, (D) adjacent non‑tumorous tissue and (E) GBC tissue. Original 
magnification, x200. HIF‑1α, hypoxia‑inducible factor‑1α; GBC, gallbladder cancer. *P<0.05 vs. Adjacent or N0.
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Downregulation of HIF‑1α by siRNA and 2‑methoxyestradiol 
(2‑ME), an HIF‑1α inhibitor, suppresses hypoxia‑induced 
migration and downregulates the expression of VEGF. The 
ability of the GBC‑SD cells to migrate was investigated using 
wound healing and Transwell assays. According to the data in 
Fig. 3C, HIF‑1α was effectively inhibited by siRNA HIF‑1α 
(siHIF‑1α). As shown in Fig. 3A and B, following downregula-
tion of the expression of HIF‑1α by specific inhibitor siHIF‑1α, 
the wound closure ratios in the hypoxia treatment (HO) group 
and the HO+siHIF‑1α treatment group were 0.679±0.053 
and 0.335±0.009, respectively. Furthermore, the numbers 
of migrating cells in the aforementioned treatment groups 
were 221.6±10.1 and 116.2±12.2, respectively. Therefore, it 
was observed that the wound closure ratio and the number 
of migrating cells in the HO+siHIF‑1α treatment group were 
significantly decreased compared with the HO treatment 
group. Subsequently, to examine whether HIF‑1α is involved 
in hypoxia‑induced migration in GBC‑SD cells, the ability of 
the cells to migrate following downregulation of the expres-
sion of HIF‑1α by siHIF‑1α was investigated. As shown in 
Fig. 3D, siHIF‑1α effectively reversed the increased expression 
of HIF‑1α and VEGF induced by hypoxia.

It is noteworthy that similar results were obtained in 
subsequent experiments, which explored the effect of the 

downregulation of HIF‑1α by 2‑ME under conditions of 
normoxia (NC group) or hypoxia (Fig. 4A and B). The wound 
closure ratios in the hypoxia treatment  (HO) group and 
the HO+2‑ME group were 0.633±0.022 and 0.463±0.045, 
respectively. In addition, the numbers of migrating cells in 
the aforementioned treatment groups were 203.8±7.0 and 
124.0±5.2, respectively. The expression of HIF‑1α and VEGF 
was clearly downregulated by 2‑ME (Fig. 4C), the results 
of which were consistent with those of the inhibition of cell 
migration. These results further corroborated the finding that 
hypoxia promotes cell migration in GBC‑SD cells through 
activation of the HIF‑1α/VEGF pathway.

Metformin inhibits hypoxia‑induced migration via down‑
regulation of the expression of HIF‑1α and VEGF. GBC‑SD 
cells were pre‑cultured under conditions of hypoxia for 2 h, 
and subsequently treated with 20 mmol/l metformin for 24 
or 48 h. As shown in Fig. 5A, the wound closure ratios in the 
hypoxia (HO) treatment group and the hypoxia in combina-
tion with metformin  (Met+HO) group were 0.695±0.040 
and 0.224±0.074, respectively. These data indicated that 
treatment with metformin and hypoxia resulted in a lower 
wound closure ratio compared with the hypoxia treatment 
group. In addition, the numbers of migrating cells in the 
aforementioned treatment groups were 185.8±10.2 and 
113.4±8.6, respectively. The numbers of migrating cells in 
the Met+HO group were fewer compared with the HO treat-
ment group (Fig. 5B). These results indicated that treatment 
with metformin significantly inhibited hypoxia‑induced 
migration. To investigate the potential mechanism, the 
expression levels of HIF‑1α and VEGF were also inves-
tigated. As shown in Fig. 5C, treatment with metformin 
decreased the expression of HIF‑1α and VEGF. These data 
suggest that HIF‑1α and VEGF signaling pathway may be 
involved in metformin‑suppressed cell migration of the 
GBC‑SD cells.

Metformin inhibits GBC cell growth and downregulates 
the expression of HIF‑1α and VEGF in  vivo. Metformin 
was administered in a xenograft model, generated by 
implanting GBC‑SD cells into immunodeficient BALB/c 
nude mice in order to evaluate their antitumor effect. As 
shown in Fig. 6A and B, treatment with metformin signifi-
cantly decreased the tumor growth rate and tumor weight 
at the endpoint of the animal experiment. Subsequently, the 
expression levels of HIF‑1α and VEGF in the tumor xeno-
graft tissues were detected by IHC. As shown in Fig. 6C, the 
expression levels of HIF‑1α and VEGF were decreased in 
tumor tissues treated with metformin compared with the PBS 
group, the results of which are consistent with those obtained 
in vitro.

Discussion

It is well known that GBC greatly threatens human health due 
to the high rate of migration and recurrence, and the 5‑year 
survival rate is less than 5% (3,24). Rapid tumor progression 
and difficulty in detecting early stage cancer are major obsta-
cles in offering potentially curative treatments. Therefore, it 
is urgent that reliable tumor markers for early diagnosis are 

Table I. Association between HIF‑1α expression and the clini-
copathological features of the GBC cases.

	 HIF‑1α expression
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Variables	 No. of cases	 Low	 High	 P‑value

Age (years)				    0.692
  <60	 10	 4	 6
  ≥60	 24	 7	 17
Sex				    0.714
  Female	 17	 6	 11
  Male	 17	 5	 12
Histological grade				    1.000
Well and moderate	 24	 8	 16
  Poor	 10	 3	 7
N status				    0.024
  N0	 21	 10	 11
  N1/2	 13	 1	 12
Stone				    0.580
  No	 30	 9	 21
  Yes	 4	 2	 2
Tumor size (cm)				    0.271
  <5	 23	 9	 14
  ≥5	 11	 2	 9
Clinical stage				    0.002
  I‑II	 9	 7	 2
  III‑IV	 25	 4	 21

GBC, gall bladder cancer.
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found and that an effective drug for patients with GBC is 
developed. In the present study, it has been demonstrated that 
HIF‑1α was upregulated in 23 out of 34 GBC tissues compared 
with that in adjacent non‑tumor tissues and chronic cholecys-
titis tissues, according to the RT‑qPCR and IHC experiments. 
Further experiments indicated that HIF‑1α overexpression is 
significantly associated with both lymph node metastasis and 
TNM stage in GBC tissues. These results indicated that HIF‑1α 
exerts an important role in promoting GBC progression.

Hypoxia is frequently observed in numerous types of solid 
tumors, including GBC (25), and also plays a crucial role in 
cancer progression (26). As part of a solid tumor, tumor cells 
may take advantage of their biological capacity to adapt to 
hypoxia to become even more aggressive (27). Additionally, the 

hypoxic microenvironment inside solid tumors limits the effec-
tiveness of interventional embolization therapy and cytotoxic 
drugs. HIF‑1α, the key regulatory factor in a hypoxia‑influenced 
microenvironment, may translocate to the nucleus and induce the 
transcription of numerous downstream target genes (17,28). In 
the present study, treatment with hypoxia significantly promoted 
the ability of cell migration in GBC‑SD cells, according to 
the results of the wound healing and Transwell assays. The 
subsequent experiments also demonstrated that the expression 
levels of HIF‑1α and VEGF were upregulated under a hypoxic 
condition, while the expression levels of HIF‑1α and VEGF 
were present at a low level under normoxic condition. The HIF‑1 
complex is composed of two protein subunits: HIF‑1β, which 
is constitutively expressed, and HIF‑1α, which is not present 

Figure 3. siHIF‑1α inhibits HO‑induced cell migration and downregulates the expression of HIF‑1α and VEGF. (A) The influence of HO on cell migration 
by wound closure. (B) The influence of HO on cell migration by Transwell assays. (C) The silencing efficiency of HIF‑1α in GBC‑SD cells via western blot 
analysis. (D) Analysis of HIF‑1α and VEGF following treatment with HO in either the absence or the presence of siHIF‑1α in GBC‑SD cells, as assessed by 
western blotting. Data represent the mean ± standard deviation from triplicate measurements. *P<0.05 vs. NC. **P<0.05 vs. HO. Original magnification, x100. 
HO, hypoxia; NC, negative control; HIF‑1α, hypoxia‑inducible factor‑1α; GBC, gallbladder cancer; VEGF, vascular endothelial growth factor; siHIF‑1α, 
small‑interfering RNA HIF‑1α.
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Figure 4. 2‑ME inhibits HO‑induced cell migration and downregulates the expression of HIF‑1α and VEGF. (A) The influence of HO on cell migration by 
wound closure. (B) The influence of HO on cell migration by Transwell assays. (C) Analysis of HIF‑1α and VEGF following treatment with HO in either the 
absence or the presence of 2‑ME in GBC‑SD cells by western blotting. Data represent the mean ± standard deviation from triplicate measurements. *P<0.05 
vs. NC. **P<0.05 vs. HO. Original magnification, x100. 2‑ME, 2‑methoxyestradiol; HO, hypoxia; NC, negative control; HIF‑1α, hypoxia‑inducible factor‑1α; 
GBC, gallbladder cancer; VEGF, vascular endothelial growth factor.

Figure 5. Metformin inhibits HO‑induced cell migration and downregulates the expression of HIF‑1α and VEGF. (A) The influence of HO on cell migration 
by wound closure. (B) The influence of HO on cell migration by Transwell assays. (C) Analysis of HIF‑1α and VEGF following treatment with HO in either 
the absence or the presence of Met in GBC‑SD cells by western blotting. Data represent the mean ± standard deviation from triplicate measurements. *P<0.05 
vs. NC. **P<0.05 vs. HO. Original magnification, x100. Met, Metformin; HO, hypoxia; NC, negative control; HIF‑1α, hypoxia‑inducible factor‑1α; GBC, 
gallbladder cancer; VEGF, vascular endothelial growth factor.
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in normal cells but induced under hypoxic conditions. The 
HIF‑1α subunit is continuously synthesized and degraded under 
normoxic conditions, while it accumulates rapidly following 
exposure to low oxygen tensions (29). Herein, GBC‑SD cells are 
gallbladder cancer cells, not normal cells and previous studies 
also showed that HIF‑1α was present at a low level in normoxia 
in GBC‑SD cells (25). To demonstrate the underlying mecha-
nism of hypoxia‑induced migration, siHIF‑1α was applied to 
the GBC‑SD cells. It is noteworthy that siHIF‑1α significantly 
reversed hypoxia‑induced migration, and downregulated the 
expression levels of HIF‑1α and VEGF. Similar results were 
also obtained using 2‑ME, a HIF‑1α‑specific inhibitor. These 
data indicated that hypoxia promoted cell migration in GBC‑SD 
cells through activation of the HIF‑1α/VEGF signaling pathway.

Accumulating evidence has confirmed that metformin may 
inhibit cell migration or potentiate the effect of chemothera-
peutic agents (30‑32). Numerous studies have also demonstrated 
that metformin regulates the AMP‑activated protein kinase 
and extracellular signal‑regulated kinase pathways, and 
reverses drug resistance (33,34). In the present study, it was first 
demonstrated that metformin inhibited cellular migration, and 
downregulated the expression of HIF‑1α and VEGF in GBC‑SD 
cells. In addition, it was also shown that metformin reversed 
hypoxia‑induced migration by targeting the HIF‑1α/VEGF 
pathway. The present study also investigated further the role 
of metformin in GBC‑SD cell migration in vivo, according to 
an experimental xenograft model. GBC‑SD cells were injected 

into BALB/c nude mice, and it was shown that metformin 
markedly decreased the tumor growth rate and tumor weight at 
the endpoint of the xenograft model experiment. Furthermore, 
the expression levels of HIF‑1α and VEGF in the tumor xeno-
grafts treated with metformin were decreased according to the 
results of the IHC experiment, which was consistent with our 
study in vitro.

In conclusion, the results of the present study revealed 
that HIF‑1α is upregulated in GBC tissue, and that the 
aberrant expression of HIF‑1α is closely associated with 
lymph node metastasis and TNM stage. Additional experi-
ments demonstrated that hypoxia induced the migration of 
GBC‑SD cells by increasing the expression levels of HIF‑1α 
and VEGF. Furthermore, metformin reversed the increases 
in the hypoxia‑induced cellular migration by targeting 
HIF‑1α/VEGF. Thus, the data of the present study provide 
evidence that HIF‑1α plays a vital role in GBC growth and 
migration, and may serve as a therapeutic target for GBC.
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