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Abstract. Vascular endothelial growth factor (VEGF) 
is  an impor tant  angiogen ic factor.  The VEGF 
rebound induced by hypoxia following transarterial 
embolization/chemoembolization for primary liver cancer 
is associated with treatment failure and poor survival rates 
in patients. The present study investigated the ability of 
intermittent hypoxia to alleviate the acute hypoxia‑induced 
increase of VEGF and decrease the pro‑angiogenic potential 
of liver cancer cells. The liver cancer cells were exposed to 
normoxia, or acute or intermittent hypoxia, and the expression of 
VEGF was determined using reverse transcription‑quantitative 
polymerase chain reaction analysis and western blotting. The 
pro‑angiogenic effects of acute or intermittent hypoxia‑exposed 
liver cancer cells on endothelial cells were assessed in vitro and 
in vivo. The expression of VEGF in the liver cancer cells exposed 
to intermittent hypoxia was significantly lower than that in cells 
exposed to acute hypoxia. Compared with conditioned medium 
(CM) from acute hypoxia‑exposed liver cancer cells, the CM 
from intermittent hypoxia‑exposed liver cancer cells showed 
markedly less promotion of proliferation and tube formation 
in endothelial cells. Activation of the reactive oxygen species 
(ROS)/NF‑κB/hypoxia‑inducible factor‑1α/VEGF signaling 
pathway was increased in the liver cancer cells exposed to 
acute hypoxia. Exposure to ROS scavenger N‑acetyl‑cysteine 
or NF‑κB inhibitor PDTC inhibited the activation of the 
above pathway and the expression of VEGF induced by acute 
hypoxia. The in vivo pro‑angiogenic effects of intermittent 
hypoxia‑exposed liver cancer cells on endothelial cells 
were significantly reduced compared with those of acute 
hypoxia‑exposed liver cancer cells. Intermittent hypoxia may 

alleviate the acute hypoxia‑induced increase of VEGF and 
decrease the pro‑angiogenic potential of liver cancer cells, 
suggesting a novel treatment strategy.

Introduction

Primary liver cancer is one of the most common causes 
for cancer‑associated mortality worldwide  (1). Due to its 
nonspecific symptoms, the diagnosis of liver cancer is often 
made at an intermediate‑advanced stage, rendering patients 
unsuitable for curative treatments (2). Transcatheter arterial 
embolization/chemoembolization (TAE/TACE) provides a 
modest survival benefit for patients with unresectable liver 
cancer (3), which limits hepatic arterial blood supply to liver 
cancer and exerts antitumor effects by inducing tumor ischemic 
hypoxia and necrosis (4). However, the results of TAE/TACE 
remain unsatisfactory, with local recurrence rates as high as 
30‑60% (4). Among the factors interfering with the effec-
tiveness of TAE/TACE, a neoangiogenic reaction following 
treatment is frequently observed (5). In addition to inducing 
complete necrosis in small‑sized liver cancer, TAE/TACE 
inevitably results in an acute hypoxic insult in the majority 
of liver cancer lesions (5). It is apparent that hypoxia‑induced 
angiogenesis contributes to tumor regrowth  (5‑7). Of 
note, the stimulation of vascular endothelial growth factor 
(VEGF) following treatment has emerged as a negative factor 
affecting treatment efficacy and patient survival rates (8‑12). 
Bevacizumab, an antibody targeting VEGF, can attenuate the 
increase in VEGF post‑TACE and reduce neo‑vessel forma-
tion detected using angiography (13,14). However, the optimal 
embolic endpoint of TACE, which is correlated with the extent 
of hypoxia, has not been clarified. It has been reported that the 
embolization of tumor blood supply to a sub‑stasis endpoint 
during TACE improves survival rates compared with embo-
lization to a stasis endpoint (15), suggesting that the extent 
or patterns of embolization‑induced hypoxia affect treatment 
outcomes. This prompted the hypothesis that the pattern of 
tumor hypoxia induction influences tumor progression.

In the present study, it was shown that intermittent hypoxia 
alleviated the acute hypoxia‑induced increase of VEGF, and 
consequently decreased the pro‑angiogenic potential of liver 
cancer; these findings suggest the potential use of a novel 
embolism strategy using TACE to induce intermittent hypoxia.
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Materials and methods

Reagents and antibodies. Monoclonal anti‑hypoxia‑induc-
ible factor (HIF)‑1α antibody (cat.  no.  ab51608; Abcam), 
anti‑VEGF antibody (cat. no. ab51745; Abcam), anti‑β‑actin 
antibody (cat. no. ab8224; Abcam), anti‑P38 mitogen‑activated 
protein kinase (MAPK) antibody (cat. no. ab31828; Abcam), 
anti‑phosphorylated (p‑)P38MAPK antibody (cat. no. ab4822; 
Abcam), monoclonal anti‑Akt antibody (cat.  no.  ab8805; 
Abcam), anti‑p‑Akt antibody (cat.  no.  ab38449; Abcam), 
anti‑NF‑κB antibody (cat. no. ab16502; Abcam), anti‑p‑NF‑κB 
antibody (cat.  no.  3033S; Cell Signaling Technology), 
anti‑Src antibody (cat. no. 184Q20; Thermo Fisher Scientific, 
Inc.), anti‑p‑Src antibody (cat. no. 44‑660G; Thermo Fisher 
Scientific, Inc.), anti‑extracellular signal‑regulated kinase 
(ERK)1/2 antibody (cat. no. 13‑6200; Thermo Fisher Scientific, 
Inc.) and anti‑p‑ERK1/2 antibody (cat. no. 44‑680G; Thermo 
Fisher Scientific, Inc.) were used for western blotting. 
N‑acetyl‑cysteine (NAC), ammonium pyrrolidinedithiocar-
bamate (PDTC) and the reactive oxygen species (ROS) assay 
were purchased from Beyotime Institute of Biotechnology.

Cell culture and treatment. The HepG2 (ATCC) and Huh7 
(Japanese Cancer Research Resources Bank) liver cancer cell 
lines and the EA.hy926 human umbilical vein cell line (ATCC) 
were maintained in Dulbecco's modified Eagle's medium 
(DMEM; Gibco; Thermo Fisher Scientific, Inc.) supplemented 
with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, 
Inc.) and 1% penicillin‑streptomycin (Gibco; Thermo Fisher 
Scientific, Inc.) in a 5% CO2 incubator at 37˚C. The HepG2 
cell line is derived from hepatoblastoma. The cell lines were 
authenticated using short tandem repeat validation analysis. 
For acute hypoxia, the liver cancer cells were cultured under 
1% oxygen for 48 h. For intermittent hypoxia exposure, the 
cells were subjected to three cycles of hypoxia‑reoxygenation 
comprising culture under 1% oxygen for 24 h followed by 21% 
oxygen for 24 h, and finally under 1% oxygen for 48 h.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. TRIzol® (Invitrogen; Thermo Fisher 
Scientific, Inc.) was used to extract the total cellular RNA, which 
was then reverse‑transcribed into cDNA using a RevertAid 
First Strand cDNA Synthesis kit (Thermo Fisher Scientific, 
Inc.) in accordance with the manufacturer's instructions. The 
primers used were as follows: VEGF, 5'‑CCA​ACT​TCT​GGG​
CTG​TTC​TC‑3' (sense) and 5'‑CCC​CTC​TCC​TCT​TCC​TTC​
TC‑3' (antisense); platelet‑derived growth factor (PDGF), 
5'‑GAT​GAT​CTC​CAA​CGC​CTG​CT‑3' (sense) and 5'‑TCT​
TCC​ACG​AGC​CAA​GCT​CT‑3' (antisense); β‑actin, 5'‑CAT​
GTA​CGT​TGC​TAT​CCA​GGC‑3' (sense) and 5'‑CTC​CTT​AAT​
GTC​ACG​CAC​GAT‑3' (antisense). FastStart Universal Probe 
Master (Roche Diagnostics) was used to amplify the resultant 
cDNA The thermocycling conditions were as follows: 50˚C for 
2 min; 95˚C for 10 min; 40 cycles of 95˚C for 15 sec and 60˚C 
for 30 sec. The relative expression of each target gene was 
quantified using the 2‑∆∆Cq method (16), with normalization 
using the level of β‑actin.

Western blotting. The cells were lysed using RIPA buffer 
containing PMSF and phosphatase inhibitor (Beyotime 

Institute of Biotechnology) on ice and protein concentration was 
measured using a BCA protein assay (Pierce; Thermo Fisher 
Scientific, Inc.). The proteins (20 µg/well) were separated via 
10% SDS‑PAGE, following which the protein samples were 
transferred onto a PVDF membrane (EMD Millipore), which 
was blocked with 5% low fat milk for 1 h and then incubated 
with the primary antibodies (1:1,000) at 4˚C overnight. The 
following day, the membrane was incubated with secondary 
antibodies (1:1,000; cat.  no. A0208 and A0216, Beyotime 
Institute of Biotechnology) for 1 h at room temperature and 
developed using ECL (Pierce; Thermo Fisher Scientific, Inc.). 
The target protein level was normalized to that of β‑actin, and 
that of the phosphorylated target protein was normalized to 
that of the corresponding total protein.

Proliferation analysis. The WST‑1 cell proliferation assay kit 
(Roche Diagnostics) and 5‑ethynyl‑2'‑deoxyuridine (EdU) 
assay (RiboBio Co., Ltd.) were used to measure the prolifera-
tion of endothelial cells. The endothelial cells (2x103 cells/well) 
were incubated with conditioned medium (CM) derived from 
the acute hypoxia or intermittent hypoxia‑exposed HepG2 
cells, in 96‑well plates for 1‑3 days. At different time points 
(24, 48 and 72 h), WST‑1 (10 µl) was added, followed by 
measuring the absorbance at 450 nm using a microplate reader 
(Thermo Fisher Scientific, Inc.). For the EDU assays, the 
endothelial cells were incubated with EdU working solution 
(50 µM) for 2 h at 37˚C, and then stained with Hoechst solu-
tion. Images were captured in six randomly selected fields and 
analyzed with an Olympus fluorescence microscope (Olympus 
Corporation). The experiments were performed in triplicate.

In  vitro tube formation assay. The endothelial cells 
(4x104 cells/well) were incubated with the CM derived from 
acute hypoxia or intermittent hypoxia‑exposed HepG2 cells 
at 37˚C for 4 h in 24‑well plates coated using Matrigel matrix 
(BD Biosciences). ImageJ software (National Institutes of 
Health) was used to quantify the number of tubes in three 
randomly selected fields that were observed with an Olympus 
fluorescence microscope (magnification, x100).

In vivo tumor angiogenesis. The protocols for animal experi-
ments were reviewed and approved by the Ethical Committee 
on Animal Experiments of Animal Care Committee of 
Fudan University (Fudan, China). Male BALB/c nu/nu mice 
at 4‑6 weeks of age weighing 18‑20 g were obtained from 
SLAC Laboratory Animal Co., Ltd. Mice were housed in 
animal rooms with a 10‑h light/14‑h dark cycle and at a 
constant temperature (22‑27˚C). Animals had free access to 
standard rodent chow and water. Following exposure to acute 
or intermittent hypoxia, liver cancer cells (2x107) mixed 
with endothelial cells (5x106) were injected subcutaneously 
into the flanks of the mice (each group, n=3) for the evalua-
tion of tumor angiogenesis. The immunohistologic staining 
of endothelial cells was subsequently performed. Briefly, 
subcutaneous tumors were fixed in 10% formaldehyde solu-
tion for 10 h at room temperature, embedded in paraffin 
and cut into 5 µm thick slices. Some slices were stained 
with hematoxylin and eosin (H&E; Beyotime Institute of 
Biotechnology) according to a standard procedure (17). For 
VEGF and CD31 detection, tissue slices were deparaffinized 
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in xylene for 20 min at room temperature, rehydrated in 
gradient ethanol (100, 95, 90 and 80%) and treated with 0.3% 
H2O2 for 15 min at room temperature to block endogenous 
peroxidase activity. To retrieve the antigen, slices were 
heated in 10 mM citrate buffer (pH 6.0) in a microwave oven 
at 95˚C three times for 5 min. Slices were then blocked with 
20% goat serum (Beyotime Institute of Biotechnology) for 
30 min at room temperature, and were incubated with VEGF 
antibody (1:100; cat. no. ab51745; Abcam) or CD31 antibody 
(1:50; cat. no. ab28364; Abcam) at 4˚C overnight and with the 
secondary antibody (1:50; cat. no. A0208, Beyotime Institute 
of Biotechnology) at room temperature for 30 min. Slices 
were treated with 3,3'‑diaminobenzidine tetrahydrochloride 
(DAB; Beyotime Institute of Biotechnology), counterstained 

with hematoxylin and visualized under an Olympus IX73 
inverted microscope. The cellular brown staining was 
considered as positive reaction.

ROS measurement. The generation of ROS was quantified 
using 2',7'‑dichlorodihydrofluorescein diacetate (DCFH‑DA; 
Beyotime Institute of Biotechnology). Briefly, following acute 
hypoxia or intermittent hypoxia exposure, the liver cancer 
cells were incubated with serum‑free media containing 10 µM 
DCFH‑DA fluorescent probe 30 min for at 37˚C in the dark. 
The cells were then washed with serum‑free DMEM three 
times to completely remove residual DCFH‑DA, and fluores-
cence of the DCFH‑DA‑loaded cells was measured using a 
fluorescence plate reader.

Figure 1. Expression of VEGF in liver cancer cells under intermittent vs. acute hypoxia. (A) mRNA expression levels of VEGF and PDGF were measured using 
reverse transcription‑quantitative polymerase chain reaction analysis in Huh7 and HepG2 cells under normoxia, or acute or intermittent hypoxia. (B) Protein 
expression levels of VEGF were markedly reduced in intermittent hypoxia‑exposed Huh7 or HepG2 cells. **P<0.01. VEGF, vascular endothelial growth factor; 
PDGF, platelet‑derived growth factor.
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The liver cancer cells were pre‑treated with NAC 
(10 mmol/l, a ROS scavenger) for 30 min at 37˚C to reduce 
intracellular ROS sources, and exposed to hypoxia for 24 h. 
Images were captured with an Olympus fluorescence micro-
scope at x200 magnification.

Statistical analysis. SPSS 13.0 software (SPSS, Inc.) was 
used for data analysis. All values are expressed as the 
means ± standard deviation. Student's unpaired t‑test and 
one‑way analysis of variance were used to compare between 
two samples and among three groups, respectively. P<0.05 

Figure 2. Effects of CM from intermittent or acute hypoxia‑exposed HepG2 cells on endothelial cells. CM from acute hypoxia‑exposed HepG2 markedly 
promoted the proliferation of endothelial cells, as detected using (A) WST‑1 and (B) EdU assay (magnification, x200). (C) In vitro tube formation from 
endothelial cells cultured in CM from acute or intermittent hypoxia‑exposed HepG2 with or without VEGF neutralizing antibody or rhVEGF (magnification, 
x100). (D) Activation of Src, p38MAPK, AKT and ERK1/2 pathways in endothelial cells cultured with CM from acute or intermittent hypoxia‑exposed HepG2 
cells was evaluated using western blotting. *P<0.05, **P<0.01. CM, conditioned media; VEGF, vascular endothelial growth factor; rhVEGF, recombinant human 
VEGF; MAPK, mitogen‑activated protein kinase; ERK, extracellular signal‑regulated kinase; p‑, phosphorylated; EdU, 5‑ethynyl‑2'‑deoxyuridine.
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was considered to indicate a statistically significant differ-
ence.

Results

Expression of VEGF is attenuated in liver cancer cells 
under intermittent hypoxia. The liver cancer cells were 
cultured under normoxia, or under acute hypoxia or intermit-
tent hypoxia conditions. As shown using RT‑qPCR analysis 
(Fig. 1A), the expression of VEGF in the acute and intermittent 
hypoxia‑exposed liver cancer cells was significantly higher 
than that in the cells under normoxic conditions. However, the 
magnitude of this increase in the liver cancer cells exposed 
to intermittent hypoxia was significantly lower than that 
in the cells exposed to acute hypoxia. This was confirmed 
using western blotting (Fig. 1B). These results suggest that 
the expression of pro‑angiogenic factor VEGF in liver cancer 
cells can be modulated by the patterns of hypoxia. In subse-
quent experiments, the biological effects of different hypoxic 
patterns (intermittent hypoxia vs. intermittent hypoxia) were 
compared. Although the mRNA expression of PDGF was 
also significantly increased in the acute hypoxia‑exposed 
liver cancer cells, the effects of intermittent hypoxia on the 
expression of PDGF were inconsistent with those of normoxia 
in the two liver cancer cell lines (Fig. 1A). Therefore, the role 
of VEGF was investigated in the subsequent experiments.

Effects of CM from intermittent hypoxia‑ or acute 
hypoxia‑exposed liver cancer cells on endothelial cell in vitro 
and in vivo. Subsequently, the effects of CM from acute or 
intermittent hypoxia‑exposed liver cancer cells on angiogen-
esis were investigated.

In vitro cell proliferation (Fig. 2A and B) and tube forma-
tion (Fig. 2C) in endothelial cells cultured in CM from the 
intermittent hypoxia‑exposed liver cancer cells were signifi-
cantly reduced compared with those cultured in CM from acute 
hypoxia‑exposed liver cancer cells. In parallel, activation of 
the Src, p38MAPK, AKT and ERK1/2 pathways was attenu-
ated in the endothelial cells cultured in CM from intermittent 
hypoxia‑exposed liver cancer cells (Fig. 2D).

Experiments were then performed to verify whether the 
pro‑angiogenic effect of CM from acute hypoxia‑treated 
liver cancer cells was due to VEGF. Therefore, the VEGF 
in the CM from hypoxia‑exposed liver cancer cells was 
specifically neutralized. The removal of VEGF in the CM 
from acute hypoxia‑exposed HepG2 cells using anti‑VEGF 
neutralizing antibody resulted in a decrease in tube 
formation in endothelial cells (Fig. 2C). By contrast, the 
angiogenic response of tube formation in endothelial cells 
was increased when the endothelial cells were cultured in 
CM from intermittent hypoxia‑exposed liver cancer cells 
supplemented with recombinant VEGF (Fig.  2C). These 
data confirmed that the pro‑angiogenic effects of acute 

Figure 3. Effects of acute or intermittent hypoxia‑exposed liver cancer cells on in vivo angiogenesis. Acute or intermittent hypoxia‑exposed liver cancer 
cells (2x107) mixed with endothelial cells (5x106) were injected into the flanks of mice (each group, n=3). (A) Compared with the tumors arising from acute 
hypoxia‑exposed liver cancer cells, less neovascularization (CD31 staining) and expression of VEGF were observed in tumors formed from intermittent 
hypoxia‑exposed liver cancer cells, in the presence of endothelial cells. (B) No significant difference in size was observed between tumors arising from 
intermittent and acute hypoxia‑exposed liver cancer cells co‑inoculated with endothelial cells. VEGF, vascular endothelial growth factor.
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hypoxia‑exposed liver cancer cells on in vitro angiogenesis 
were mediated through VEGF.

To investigate the effects of hypoxia‑exposed liver 
cancer cells on in vivo angiogenesis, acute or intermittent 
hypoxia‑exposed liver cancer cells mixed with endothelial 
cells were injected subcutaneously into nude mice and tumor 
neovascularization was examined. As visualized by VEGF 
and CD31 staining, tumors arising from intermittent 
hypoxia‑exposed liver cancer cells exhibited lower neovascu-
larization than those from acute hypoxia‑exposed liver cancer 

cells (Fig. 3A), although tumor size did not differ significantly 
(Fig. 3B).

ROS/HIF‑1α pathway is responsible for the increased 
expression of VEGF in liver cancer under acute hypoxia. 
The ROS levels were assessed using DCFH‑DA, as shown in 
Fig. 4A and B. The levels of intracellular ROS were signifi-
cantly decreased in the intermittent hypoxia‑exposed liver 
cancer cells compared with those in the acute hypoxia‑exposed 
cells. Similarly, the expression of HIF‑1α was inhibited 

Figure 4. NF‑kB‑mediated activation of the ROS/HIF‑1α pathway is involved in the expression of VEGF in liver cancer cells under hypoxia. (A) Levels of 
intracellular ROS in acute and intermittent hypoxia‑exposed liver cancer cells were measured using 2',7'‑dichlorodihydrofluorescein diacetate (magnification, 
x200). (B) When acute hypoxia‑exposed liver cancer cells were pre‑cultured with NAC (a ROS scavenger), the level of intracellular ROS was significantly 
decreased (magnification, x200). (C) Expression of HIF‑1α in acute and intermittent hypoxia‑exposed Huh7 and HepG2 cells. (D) In parallel with the ROS 
decrease, protein expression levels of HIF‑1α and VEGF were downregulated. (E) activity of NF‑κB in acute and intermittent hypoxia‑exposed liver cancer 
was measured using western blotting. (F) When acute hypoxia‑treated liver cancer cells were pre‑treated with NAC (a ROS scavenger), the phosphorylation of 
NF‑κB was significantly decreased. (G) When acute hypoxia‑treated liver cancer cells were pre‑treated with PDTC (an NF‑κB inhibitor), the phosphorylation 
of NF‑κB, and the expression of HIF‑1α and VEGF were significantly lower. (H) Diagram illustrating the effect of intermittent hypoxia on alleviating the 
increase in VEGF and decreasing the pro‑angiogenic potential of liver cancer cells. VEGF, vascular endothelial growth factor; ROS, reactive oxygen species; 
HIF‑1α hypoxia‑inducible factor1α; p‑, phosphorylated. NAC, N‑acetyl‑cysteine.
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under intermittent hypoxia (Fig. 4C). To determine whether 
ROS was involved in the regulation of HIF‑1α, the acute 
hypoxia‑exposed liver cancer cells were pre‑cultured with 
NAC, a ROS scavenger (Fig. 4B), and the increases in HIF‑1α 
and VEGF were significantly downregulated (Fig.  4D). 
These data indicated that acute hypoxia, with the sequential 
triggering of ROS accumulation and HIF‑1α pathway activa-
tion, may be involved in the increased expression of VEGF 
in liver cancer under acute hypoxia, and intermittent hypoxia 
may downregulate intracellular ROS levels and attenuate the 
expression of VEGF.

NF‑kB mediates the regulation of HIF‑1α by ROS in acute 
hypoxia‑exposed liver cancer cells. Previous studies have shown 
that ROS are involved in activating NF‑κB pathways, enhancing 
the expression of HIF‑1α (18‑22). To assess whether the upregula-
tion of HIF‑1α induced by ROS was mediated through the NF‑κB 
pathway, the activity of NF‑κB was measured under hypoxic 
conditions. As presented in Fig. 4E, the phosphorylation of NF‑κB 
was significantly decreased in the intermittent hypoxia‑exposed 
liver cancer cells compared with that in the cells exposed to acute 
hypoxia. Upon pre‑treated with NAC to scavenge ROS, the phos-
phorylation of NF‑κB in acute hypoxia‑exposed liver cancer was 
significantly attenuated (Fig. 4F). The use of NF‑κB inhibitor 
PDTC significantly lowered the phosphorylation of NF‑κB, and 
the expression of HIF‑1α and that of its downstream target VEGF 
in acute hypoxia‑exposed liver cancer cells (Fig. 4G). These data 
indicate that activation of the ROS/NF‑κB/HIF‑1α pathway 
may be responsible for the increased expression of VEGF in 
liver cancer cells under acute hypoxia, and intermittent hypoxia 
may decrease ROS/NF‑κB/HIF‑1α activity to downregulate the 
expression of VEGF.

Discussion

In the present study, it was demonstrated that intermittent 
hypoxia attenuated the expression of VEGF in liver cancer cells 
compared with that in acute hypoxia. Secondly, it was shown 
that the pro‑angiogenic effect of intermittent hypoxia‑exposed 
liver cancer cells on endothelial cells was significantly 
reduced compared with that of acute hypoxia‑exposed liver 
cancer cells. It is anticipated that these findings are of potential 
value in establishing a novel embolism strategy using TACE to 
improve treatment efficacy.

Due to its insidious onset, the majority of patients with 
liver cancer are diagnosed at the intermediate‑advanced 
stage (23). TAE/TACE, which embolizes the tumor blood 
supply to cause tumor necrosis by inducing ischemia, provides 
a modest survival benefit to patients (3). Several studies have 
suggested that TACE causes hypoxia and stimulates angio-
genesis via pro‑angiogenic factors, including basic fibroblast 
growth factor (b‑FGF) and VEGF (9,24). Elevated levels 
of VEGF following TACE, which represent an unfavorable 
factor, indicate poor patient prognosis (8,9). Therefore, inhib-
iting the increase of VEGF following TACE represents a 
potential therapeutic strategy to prevent the rebound of blood 
vessel formation, and this may offer promise in improving 
treatment outcomes. In the present study, it was hypothesized 
that the pattern of hypoxia can modulate the expression of 
VEGF in hypoxia‑exposed liver cancer cells. The results 

demonstrate that intermittent hypoxia can alleviate the 
acute hypoxia‑induced increase of VEGF, and decrease the 
pro‑angiogenic potential of liver cancer cells; these findings 
may be of value in establishing a novel embolism strategy 
using TACE.

VEGF is the most potent angiogenic factor stimulating 
angiogenesis  (25,26). Acute hypoxia caused by TACE 
induces abnormal angiogenesis via an increase in VEGF 
levels. In the present study, it was shown that intermittent 
hypoxia attenuated the levels of VEGF in liver cancer cells 
compared with those in acute hypoxia. It has been reported 
that hypoxia (1% hypoxia, 24 h), in contrast to normoxia, 
impairs the angiogenic response of endothelial cells to 
VEGF stimulation (27). This suggests that, although different 
studies have used their own subtypes of hypoxia exposure, 
hypoxic exposure patterns can alter the neo‑angiogenic 
process. The findings of the present study suggest that inter-
mittent hypoxia can reduce the production of VEGF in liver 
cancer cells compared with that following acute hypoxia, and 
this may inform the design of an optimal embolism strategy 
using TACE. Embolization of the tumor feeding artery to a 
sub‑stasis (intermittent hypoxia‑like condition) may be better 
than occlusion of an arterial vessel to complete stasis (severe 
acute hypoxia). Therefore, specific embolism patterns using 
TACE therapy to induce intermittent hypoxia may be benefi-
cial in liver cancer treatment.

Previous reports have shown that the increased activities 
of HIF‑1α and NF‑κB are mainly mediated by ROS in cells 
under hypoxia, and the transcription of HIF‑1α is enhanced 
following NF‑κB activation (18,21). In the present study, it 
was shown that the expression of VEGF was significantly 
increased in liver cancer cells under acute hypoxia, which was 
mediated via the activation of ROS/NF‑κB/HIF‑1α signaling, 
whereas intermittent hypoxia decreased ROS/NF‑κB/HIF‑1α 
activity and downregulated the expression of VEGF. 
This suggests that the expression of VEGF in liver cancer 
cells under hypoxia is modulated by ROS/NF‑κB/HIF‑1α 
signaling, although this does not exclude the possibility that 
ROS increase the activity of HIF‑1α through the stability of 
HIF‑1α via inactivation of proline hydroxylase, as previously 
described (28).

Taken together, the present study showed that in vitro and 
in vivo angiogenesis was attenuated when endothelial cells were 
cultured in CM from intermittent hypoxia‑exposed liver cancer 
cells or co‑inoculated with intermittent hypoxia‑exposed liver 
cancer cells in mice, respectively. This was correlated with 
reduced levels of VEGF in intermittent hypoxia‑exposed liver 
cancer cells.

The present study has a number of limitations. First, 
although it was found that VEGF was markedly upregu-
lated in liver cancer cells exposed to acute hypoxia, this 
does not exclude the possibility that other pro‑angiogenic 
factors, including PDGF and b‑FGF, secreted from acute 
hypoxia‑exposed liver cancer cells promote neo‑angio-
genesis. Second, the effects of hypoxia on the biological 
characteristics of liver cancer cells themselves were not 
examined. It has been reported that intermittent hypoxia 
promotes more malignant biological behaviors of breast 
cancer cells (29,30). Therefore, it is possible that liver cancer 
cells present more malignant behaviors under intermittent 
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hypoxia. Third, an ideal TACE animal model is required to 
validate the effect of the proposed novel embolism pattern, 
inducing intermittent hypoxia, on increasing the efficacy of 
liver cancer treatment.

In conclusion, as presented in Fig. 4H, the present study 
demonstrated that intermittent hypoxia alleviates the increase 
in VEGF levels and reduces the consequent pro‑angiogenic 
potential of liver cancer cells induced by acute hypoxia, 
suggesting a novel treatment strategy.
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