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Abstract. Hypoxia occurs in a wide range of solid tumors, 
and is strongly associated with radio‑resistance of malignant 
tumors. The aim of the present study was to investigate the 
effect of endostatin combined with ionizing radiation (IR) 
on hypoxic conditions. A total of 24 mice bearing SKOV3 
ovarian carcinoma were divided into three groups. Following 
injection with pEgr‑1‑endostatin plasmid for 12 h, the mice in 
the endostatin‑IR‑treated group were exposed to 300 cGy/min 
X‑ray for 48 h, and the IR‑treated group was exposed to the same 
condition. Then, the expression of endostatin, hypoxia‑inducible 
factor (HIF)‑1α and vascular endothelial growth factor 
(VEGF) was detected by reverse transcription‑polymerase 
chain reaction, ELISA, immunohistochemistry and western 
blotting. In addition, the tumor microvessel density (MVD) 
was examined by immunohistochemistry analysis of cluster 
of differentiation 31‑positive cells. The results revealed that 
pEgr‑1‑endostatin was successfully induced by IR. The level 
of endostatin messenger RNA in the endostatin‑IR‑treated 
group was significantly higher than that in the control and 
IR‑treated groups (F=380.078, P<0.001). Statistical differences 
were also examined at the protein level by western blotting 
and ELISA. An obvious increase in MVD was observed in 
the IR‑treated group compared with that in the control group 
(t=7.040, P<0.001), and a significant decrease in MVD was 
observed in the endostatin‑IR‑treated group compared with 
that in the control group (t=18.153, P<0.001). By comparing 
the morphology of the tumor vasculature in the three groups, 
it was noticed that the microvessels in the endostatin‑IR‑treated 

group were more regularly distributed and had fewer giant 
branches than those in the IR‑treated group. Further investiga-
tion revealed that the expression levels of HIF‑1α and VEGF 
in the endostatin‑IR‑treated group were lower compared with 
those in the control (t=5.339, P=0.001; and t=13.880, P<0.001, 
respectively) and the IR‑treated groups (t=12.930, P<0.001; 
and t=14.050, P<0.001, respectively). Our findings suggested 
that endostatin decreased the number of microvessels via the 
HIF‑1/VEGF signaling pathway, and that pEgr‑1‑endostatin 
combined with IR may improve hypoxic conditions and may be 
a novel approach for treating solid tumors.

Introduction

Radiotherapy is one of the most important treatments for solid 
tumors; however, hypoxia occurs in a wide range of solid 
tumors, and is strongly associated with radio‑resistance of 
malignant tumors (1,2). Hypoxia can trigger the angiogenic 
switch by activating the transcription of hypoxia‑inducible 
factor (HIF)‑1α (3,4). Aberrant microvessels, which exhibit 
severe structural alterations (often a dilated, tortuous, elon-
gated and even saccular morphology) and dysfunction serve 
critical roles in the development of hypoxia (5,6).

HIF‑1, as the crucial mediator of the adaptive response of cells 
to hypoxia, is a HIF‑1α/HIF‑1β heterodimer (7). The expression 
of HIF‑1α increases under hypoxic conditions, since HIF‑1α can 
protect proteins from ubiquitination and proteasomal degrada-
tion (8). HIF‑1 can induce the expression of >200 functional 
genes that participate in cell survival by binding to the hypoxia 
response element in the target promoters (9). HIF‑1α, the oxygen 
sensitive subunit of HIF‑1, is stabilized and forms a dimer with 
HIF‑1β in the nucleus during hypoxia, which can release angio-
genesis promoters such as vascular endothelial growth factor 
(VEGF) (10,11). This process involves a series of genes associ-
ated with tumor progression, angiogenesis, glycolysis, cellular 
growth, invasion and apoptosis (11,12).

VEGF, a downstream target of HIF‑1α, regulates the cell 
response to hypoxia, and serves a significant role in tumor 
angiogenesis  (13,14). As the key angiogenic promoter, the 
majority of anti‑angiogenic strategies that can selectively 
inhibit the abnormal vasculature commonly present in solid 
tumors have been developed to block the VEGF signaling 
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pathway  (6,15). Preclinical data have demonstrated that 
recombinant human endostatin can improve radio‑sensitivity 
in a nude mouse model bearing nasopharyngeal carcinomas 
by reducing the expression of VEGF (16).

Endostatin is an endogenous 20‑kDa COOH‑terminal 
fragment of collagen XVIII, and is activated by proteolytic 
processing (17,18). It was first identified in murine hemangio-
endothelioma cells, and was subsequently demonstrated to be 
a potent angiogenesis inhibitor (19). However, there are limited 
reports on the improvement of radio‑resistance by endostatin. 
Genetic radiotherapy, a new paradigm for cancer treatment, 
is a combination of gene therapy and radiotherapy (20), and 
may facilitate the use of endostatin in cancer treatment. Our 
previous study successfully combined gene therapy with irra-
diation mediated by the pEgr‑1 promoter (21). Further studies 
to investigate the effect of pEgr‑1‑endostatin in combination 
with ionizing radiation (IR) on improving radio‑resistance in 
hypoxic conditions should be performed.

In the present study, a nude mouse xenograft model bearing 
SKOV3 cells was established, which successfully expressed 
pEgr‑1‑endostatin upon exposure to IR. The changes in 
endostatin, HIF‑1α, VEGF and microvessels were explored 
in the control, IR‑treated and pEgr‑1‑endostatin‑IR‑treated 
groups. Our results suggested that the combination of 
pEgr‑1‑endostatin with IR could improve radio‑resistance in 
hypoxic conditions.

Materials and methods

Cell culture and plasmid. The human ovarian cancer cell line 
SKOV3 was purchased from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China). SKOV3 cells were 
routinely maintained in Dulbecco's modified Eagle medium 
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) supplemented with 10% fetal bovine serum (Invitrogen; 
Thermo Fisher Scientific, Inc.), 100 U/ml penicillin G and 
100  µg/ml streptomycin, in an incubator with 5% CO2 at 
37˚C under humidified conditions. The pEgr‑1‑endostatin 
plasmid (provided by the Central Laboratory of The Affili-
ated Hospital of Qingdao University, Qingdao, China) and 
Lipofectamine 2000 (Gibco; Thermo Fisher Scientific, Inc.) 
were mixed 1:1 to a final volume of 100 µl, which contained 
50 µg plasmid.

Nude mouse xenograft model. The procedures for animal 
experiments were all approved by the Committee on the Use 
and Care of Animals of The Affiliated Hospital of Qingdao 
University (Qingdao, China), and were performed in accor-
dance with ethical standards. A total of 80 BALB/c nude mice 
(female; age, 4‑5 week‑old; weight, 10‑13 g) were acquired 
from Beijing Vital River Laboratory Animal Technology 
Co. Ltd. [Beijing, China; approval number, SCXK (Beijing) 
2006‑0010] and were housed under pathogen‑free conditions 
at 27±1˚C, with a 10 h light and 14 h dark cycle. Viable cells 
were quantified using a cell counting chamber to adjust the 
total cell concentration to 3x108 cells/ml. The mice skin was 
disinfected at the point of injection. A total 6x107 cells in 
suspension was injected subcutaneously in the right hind leg 
of each mouse. Tumor size (in mm) was measured directly by 
pathologists as the largest diameter of the tumor mass.

Group division and administration of IR. When the inoculated 
primary tumor reached 20.0 mm in diameter, the 24 mice were 
randomly divided into three groups with equal number (n=8). 
The mice in the control group were not subjected to IR. The 
IR‑treated group was locally exposed to 6 MV X‑ray with a 
Clinac 23EX (Varian Medical Systems, Palo Alto, CA, USA), 
at a dose rate of 300 cGy/min and source skin distance of 
100 cm. The dosage for each mouse was 300 cGy. The mice in 
the endostatin‑IR‑treated group were also locally exposed to 
Varian Clinac 23EX 6 MV X‑ray under the same conditions 
and dosage after injection of plasmid for 12 h. The injection of 
plasmid was performed in five different sites on average. Mice 
were sacrificed using cervical translocation after 48 h irradia-
tion, and the intact tumor masses were removed immediately. 
Samples of the tumors were fixed in formalin for 8 h, and then 
embedded with paraffin. The remaining tumor tissues were 
frozen at ‑80˚C in liquid nitrogen for further study.

Reverse transcription‑polymerase chain reaction (RT‑PCR). 
Searching the GenBank database (National Center for 
Biotechnology Information, Bethesda, MD, USA) enabled the 
identification of the primer sequences used in PCR amplifica-
tion, which are listed in Table I. All primers used in the present 
study were designed specifically using Primer Express® Soft-
ware v3.0.1 (Thermo Fisher Scientific, Inc.). Total RNA was 
extracted from frozen tumor samples using TRIzol reagent 

Table I. Primers for polymerase chain reaction amplification.

Gene	 Primer sequence	 Amplicon (bp)

HIF‑1α	 Forward: 5'‑CTT CTG GAT GCT GGT GAT TTG‑3'	 245
	 Reverse: 5'‑TAT ACG TGA ATG TGG CCT GTG‑3'
VEGF	 Forward: 5'‑AGG AGG GCA GAA TCA TCA CG‑3'	 418
	 Reverse: 5'‑TAT GTG CTG GCC TTG GTG AG‑3'
Endostatin	 Forward: 5'‑GGA ATT CAT GCA CAG CCA CCG CGA CTT C‑3'	 422
	 Reverse: 5'‑CGG GAT CCT ACT TGG AGG CAG TCA TG‑3'
GAPDH	 Forward: 5'‑TGA AGG TCG GTG TGA ACG GAT TTG GC‑3'	 450
	 Reverse: 5'‑CAT GTA GGC CAT GAG GTC CAC CAC‑3'

HIF, hypoxia‑inducible factor; VEGF, vascular endothelial growth factor. 
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(Gibco; Thermo Fisher Scientific, Inc.). RNA concentration 
and purity were determined by absorbance (A) 260 and A280 
measurements using a NanoDrop® ND‑1000 spectrophotom-
eter (Thermo Fisher Scientific, Inc., Pittsburgh, PA, USA). 
RT‑PCR was performed using PCR amplification equipment 
(Roche Diagnostics, Basel, Switzerland). The PCR reac-
tion mixture consisted of 12.5 µl buffer, 10 µl RNA, 0.8 µl 
each of the forward and reverse primers for the target genes 
and for GAPDH, 0.5 µl avian myeloblastosis virus (AVM) 
reverse transcriptase (Takara Bio, Inc., Otsu, Japan), 0.5 µl 
AVM2 Taq polymerase (Takara Bio, Inc.), 4.9 µl purified 
water and 2 µl complementary DNA, up to a final volume of 
30 µl. PCR was performed under the following conditions: 
60˚C for 30 min and 95˚C for 3 min for 1 cycle, followed 
by 95˚C for 5 sec and 60˚C for 20 sec for 40 cycles. Upon 
amplification, the products were loaded onto a 2% agarose gel 
in Tris‑borate‑EDTA buffer for agarose gel electrophoresis 
at 120 V for 20 min. The specific bands were visualized with 
ethidium bromide and photographed under ultraviolet light. 
A gel scanner system (EP 0241904 B1; Teledyne Isco, Inc., 
Lincoln, NE, USA) was used for densitometric analysis. The 
intensity of HIF‑1α, VEGF and endostatin PCR products 
were normalized to that of GAPDH.

ELISA for endostatin. Eye‑blood samples from the mice 
were collected in vivo prior to sacrifice, and the serum was 
separated by centrifugation (1,000 x g) for 5 min at 22‑25˚C. 

In two indepent experiments, a 100‑µl sample was analyzed 
using an endostatin ELISA kit (Jingmei BioTech Co., Ltd., 
Beijing, China). The assay was carried out according to the 
manufacturer's protocol. The absorbance was measured at 
450  nm by an ELISA instrument (BIOBASE2000; Jinan 
Biobase Biotech Co., Ltd., Jinan, China). The endostatin 
concentrations were quantified by comparison with a series 
of endostatin standard samples included in the assay kit. All 
samples were analyzed in duplicate independently, and read-
ings were obtained in triplicate.

HIF‑1α immunohistochemistry. HIF‑1α immunohistochem-
istry for hypoxic tumor cells was performed on 4‑µm‑thick 
sections of formalin‑fixed, paraffin‑embedded tissues. HIF1‑α 
was detected with a rabbit anti‑mouse monoclonal antibody 
(1:300 dilution; #AH339‑1; Abcam, Cambridge, UK) following 
overnight incubation at 4˚C. The procedures followed a 
semi‑quantitative criteria: Slides were first scanned at x100 
magnification, and 10 cellular fields were randomly selected, 
from which, 200 cells and the number of HIF‑1α‑positive 
cancer cells were counted. The results were interpreted by 
two investigators without knowledge of the corresponding 
clinicopathological data. Immunohistochemical staining was 
assessed semi‑quantitatively by measuring both the intensity 
of the staining (0  for non‑staining; 1  for yellow staining; 
2 for brown‑yellow staining; and 3 for brown staining) and 
the quantity of the staining (0, 0‑5%; 1, 5‑25%; 2, 25‑50%; 

Figure 1. Expression of endostatin in the three groups. (A) Agarose gel electrophoresis results of endostatin mRNA expression, as detected by reverse 
transcription‑polymerase chain reaction in the different groups. (B) The relative mRNA level of endostatin was examined after group C had been injected 
with pEgr‑1‑endostatin plasmid for 12 h and exposed to 300 cGy/min X‑ray for 48 h. Endostatin was successfully increased in the group C compared with that 
in groups A and B (F=380.078, P<0.001). (C) The protein level of endostatin was evaluated by western blotting. The results indicated that the expression of 
endostatin was significantly increased in group C compared with groups A and B (P=0.039). (D) ELISA was used to determine the plasma endostatin level, 
and the expression of endostatin in group C was observed to be higher than that in groups A (t=44.770, P<0.001) and B (t=42.480, P<0.001). A, control group; 
B, IR‑treated group; C, endostatin‑IR‑treated group; IR, ionizing radiation; M, marker; mRNA, messenger RNA. ***P<0.001.
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3, 50‑75%; and 4, 75‑100%). Raw data were converted to 
immunohistochemical score (IHS) by combining the quantity 
score (0‑4) with the staining intensity score (0‑3). The final 
scores could range from 0 to 7. An IHS of 6‑7 was considered 
strong immunoreactivity; 3‑5, moderate; 1‑2, weak; and 0, 
negative (22). The final scoring was achieved by comparing 
the scores between the observers, and any discrepancies were 
resolved by consensus. In case of disagreement, the slides were 
re‑examined, and consensus was reached by the observers.

Western blotting. Tissues were lysed using radioimmuno-
precipitation assay buffer (Sigma‑Aldrich; Merck Millipore, 
Darmstadt, Germany). The soluble protein concentration was 
determined by the Bradford method. Total protein (10 µg) was 
resolved on 10‑15% SDS‑PAGE and electro‑transferred onto 
polyvinylidene difluoride membranes. The membranes were 
blocked with PBS containing 1% Tween 20 at 4˚C overnight, 
washed and incubated overnight at 4˚C with anti‑HIF‑1α 
(#AH339‑2) and anti‑endostatin (#BAF1098) primary anti-
bodies (1:1,000 dilution in TBS‑T; Bioworld Technology, Inc., 
St. Louis Park, MN, USA). Upon being washed, membranes 
were incubated for 1 h at 22‑25˚C with the corresponding 
secondary antibodies (1:1,200 dilution in TBS‑T; #A00131‑1; 
Abcam) for 1 h at room temperature. The immunoblots were 
detected using an electrochemiluminescence kit (Pierce 
Biotechnology, Inc., Rockford, IL, USA) and exposed to the 
Fusion FX5 automatic gel imaging analysis system (Vilber 
Lourmat, Marne‑La‑Vallée, France).

Cluster of differentiation (CD)31 immunohistochemistry 
and microvessel density (MVD) assessment. CD31 immu-
nohistochemistry for tumor blood vessels was performed on 
4‑µm‑thick sections of formalin‑fixed, paraffin‑embedded 
tissues. CD31 was detected with a rabbit anti‑mouse mono-
clonal antibody (anti‑CD31; 1:200 dilution; #31‑1006‑00; 
Abcam). Following deparaffinization and rehydration, tissue 
sections were treated with 3% H2O2 for 20 min to block the 
endogenous peroxidase activity. Sections were washed three 
times in PBS for 5 min, and incubated for 20 min at room 
temperature with a protein‑blocking solution consisting of 
PBS with 10% goat serum (#16210064; Thermo Fisher Scien-
tific, Inc.). Excess blocking solution was drained, and the 
anti‑CD31 primary antibody reaction was carried out at 4˚C 
overnight. Next, sections were washed three times with PBS 
for 5 min, and subsequently incubated with biotin‑labeled 
anti‑rabbit immunoglobulin  G (1:50 dilution; #A21068; 
Abcam) for 30 min at 37˚C. Following three washes, horse-
radish peroxidase‑conjugated streptavidin (Thermo Fisher 
Scientific, Inc.) was added to the sections, incubated at 37˚C 
for 30 min and washed three times with PBS (5 min each). 
3,3'‑Diaminobenzidine was used to detect antigen‑antibody 
binding. Counterstaining was performed with hematoxylin, 
and following dehydration, slides were mounted with glyc-
erogelatin. In order to evaluate the MVD on the CD31‑stained 
tumor and corresponding non‑tumor tissue sections, the 
hot‑spots method was utilized, as previously described (11). 
The average count of microvessels in 10 fields was calculated 

Figure 2. MVD in tumor tissues. (A) The MVD counts for each group were significantly different among the different groups (F=22.660, P<0.001). An obvious 
increase in MVD was observed in group B (20.970±1.410) compared with that in group A (15.890±1.476, t=7.040, P<0.001), while a significant decrease in 
MVD was observed in group C (6.366±0.155) compared with that in groups A (t=18.153, P<0.001) and B (t=29.120, P<0.001). (B) Tumor microvessels were 
identified by cluster of differentiation 31 immunohistochemistry (magnification, x200). Comparison of the morphology of the tumor vasculature in the three 
groups revealed that the microvessels in the (a) endostatin‑IR‑treated group were more regularly distributed and had fewer giant branches than those in the 
(b) control and (c) IR‑treated groups. A, control group; B, IR‑treated group; C, endostatin‑IR‑treated group; IR, ionizing radiation; MVD, microvessel density. 
***P<0.001.

  a
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at x200 magnification using the Chalkley counting method 
of vessel hot spots (11).

Statistics analysis. SPSS 19.0 software (IBM SPSS, 
Armonk, NY, USA) and GraphPad Prism 5.0 software 
(GraphPad Software, Inc., La Jolla, CA, USA) were used for 
data analysis. The levels of endostatin, CD31, HIF‑1α and 
VEGF transcription were presented as the mean ± standard 
deviation. One‑way analysis of variance was performed for 
comparison among the different groups, and subsequently, 
the Student's t‑test was applied for statistical analysis 
between the groups. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Expression of endostatin in the three groups. The expression 
level of endostatin messenger (m) RNA was detected using 

RT‑PCR after 48 h of irradiation. All groups exhibited certain 
expression of endostatin (Fig. 1A and B). The relative mRNA 
expression for the three groups was 0.309±0.0165, 0.295±0.0293 
and 0.813±0.495, respectively. The level of endostatin in the 
endostatin‑IR‑treated group was significantly higher than that 
in the control and the IR‑treated groups (F=380.078, P<0.001). 
No significant differences were observed between the control 
group and the IR‑treated group (t=0.705, P=0.492). The 
expression of endostatin was further detected using western 
blotting. The gray scale of the stained area was determined 
under identical conditions in the different groups. The results 
demonstrated that the expression of endostatin was signifi-
cantly increased in the endostatin‑IR‑treated group compared 
with the control and IR‑treated groups (P=0.039) (Fig. 1C). 
ELISA was used to determine the plasma endostatin level, and 
confirmed the aforementioned results of endostatin expression 
in the endostatin‑IR‑treated, IR‑treated and endostatin‑treated 
groups (Fig.  1D). The results obtained were as follows: 

Figure 3. Expression of HIF‑1α in tumor tissues. (A)  Agarose gel electrophoresis results of HIF‑1α mRNA expression, as evaluated by reverse 
transcription‑polymerase chain reaction in different groups. (B) Relative levels of HIF‑1α mRNA in different groups. The difference was statistically signifi-
cant in the three groups: Groups A and B (t=8.961, P<0.001); groups A and C (t=5.339, P=0.001); groups B and C (t=12.930, P<0.001). (C) The protein level of 
HIF‑1α was analyzed by western blotting. A higher average optical density value for HIF‑1α was observed in group B compared with that in groups A and C. 
The difference was statistically significant (P=0.046). (D) Immunohistochemistry assessment indicated that the expression of HIF‑1α was (a) moderate in the 
control group; (b) strong in the IR‑treated group; and (c) weak in the endostatin‑IR‑treated group (magnification, x200). A, control group; B, IR‑treated group; 
C, endostatin‑IR‑treated group; IR, ionizing radiation; M, marker; mRNA, messenger RNA; HIF, hypoxia‑inducible factor. ***P<0.001. 
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Control group, 11.73±0.65 ng/ml endostatin; IR‑treated group, 
10.85±1.15 ng/ml endostatin; and endostatin‑IR‑treated group, 
49.07±2.27 ng/ml endostatin. There was no significant differ-
ence between the control group and the IR‑treated group 
(t=1.885, P=0.0804). The expression of endostatin in the 
endostatin‑IR‑treated group was higher than that in the control 
group (t=44.770, P<0.001) and the IR‑treated group (t=42.480, 
P<0.001). Our results indicated that the endostatin level in 
the endostatin‑IR‑treated group was successfully increased at 
both the mRNA and protein level.

MVD. Tumor microvessels were labeled by CD31 and assessed 
by counting MVD (Fig. 2A and B). The MVD counts for each 
group were as follows: Control group, 15.890±1.476 microves-
sels; IR‑treated group, 20.970±1.410 microvessels; and 
endostatin‑IR‑treated group, 6.366±0.155 microvessels. The 
MVD levels were significantly different among the different 
groups (F=22.660, P<0.001) (Fig. 2A). An obvious increase in 
MVD was observed in the IR‑treated group compared with 
that in the control group (t=7.040, P<0.001), and a significant 
decrease was observed in the endostatin‑IR‑treated group 
compared with that in the control (t=18.153, P<0.001) and 
IR‑treated groups (t=29.120, P<0.001). By comparing the 
morphology of the tumor vasculature in the three groups it was 
observed that the microvessels in the endostatin‑IR‑treated 

group were more regularly distributed and had fewer giant 
branches than those in the IR‑treated group (Fig. 2B).

Expression of HIF‑1α in the three groups. The mRNA expres-
sion levels of HIF‑1α in the three groups were 0.513±0.042, 
0.734±0.056 and 0.388±0.051, respectively. The difference 
was statistically significant in the three groups (F=98.410, 
P<0.001) (Fig. 3A and B). Compared with the control group, the 
expression of HIF‑1α increased significantly in the IR‑treated 
group (t=8.961, P<0.001), while it decreased significantly in 
the endostatin‑IR‑treated group (t=5.339, P=0.001). A signifi-
cant difference was noted between the IR‑treated group and 
the endostatin‑IR‑treated group (t=12.930, P<0.001). Western 
blotting was used to analyze the expression of HIF‑1α at the 
protein level. A higher average optical density for HIF‑1α was 
observed in the IR‑treated group compared with that in the 
control and the endostatin‑IR‑treated groups (Fig. 3C). The 
difference was statistically significant (P=0.046). Immunohis-
tochemistry assessment revealed various expression levels for 
HIF‑1α, with moderate staining in the control group, strong 
staining in the IR‑treated group and weak staining in the 
endostatin‑IR‑treated group (Fig. 3D).

Expression of VEGF in the three groups. VEGF is a down-
stream target of HIF‑1α, and both VEGF and HIF‑1α are 

Figure 4. Expression of VEGF in tumor tissues. (A) Agarose gel electrophoresis results of VEGF mRNA expression in tumor tissues, as detected by reverse 
transcription‑polymerase chain reaction. (B) A significant difference was observed in the three groups (F=119.691, P<0.001). Compared with group A 
(0.530±0.0444), the relative VEGF mRNA expression was increased in group B (0.653±0.0727, P=0.001) but decreased in group C (0.250±0.0359, P<0.001). The 
expression of VEGF in group C was significantly lower than that in group B (t=14.050, P<0.001). A, control group; B, IR‑treated group; C, endostatin‑IR‑treated 
group; VEGF, vascular endothelial growth factor; IR, ionizing radiation; mRNA, messenger RNA. **P≥0.001 and <0.05; ***P<0.001. 
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major regulators of angiogenesis in numerous types of 
cancer  (23,24). The present study detected VEGF mRNA 
expression using RT‑PCR, and a significant difference was 
observed in the three groups (F=119.691, P<0.001) (Fig. 4A 
and B). The relative VEGF mRNA expression was increased 
in the IR‑treated group (0.653±0.073, t=4.069, P=0.0011) 
but it was decreased in the endostatin‑IR‑treated group 
(0.250±0.036, t=13.880, P<0.001), compared with that in the 
control group (0.530±0.044). Compared with the IR‑treated 
group, the low expression of VEGF was significantly different 
in the endostatin‑IR‑treated group (t=14.050, P<0.001).

Discussion

Tumor hypoxia, which occurs mainly as a result of inadequate 
tissue perfusion in solid tumors, is a well‑known challenge for 
successful radiotherapy (25). Various strategies to overcome 
hypoxia‑related radio‑resistance in solid tumors have been 
developed, including hypoxic sensitizers, hyperbaric oxygen 
and angiogenesis inhibitors (26,27). Endostatin is a potentially 
effective angiogenesis inhibitor, and has been modified for 
clinical application (28). However, reports on the combination 
of pEgr‑1‑endostatin with IR for the treatment of angiogenesis 
and radio‑resistance in solid tumors are limited.

Angiogenesis has an essential role in the formation of a new 
vascular network to supply nutrients and oxygen and to remove 
waste products (29). Newly formed microvessels in hypoxic 
conditions do not present a normal morphology, which results 
in radio‑resistance in the majority of solid tumors during 
radiotherapy (30). In order to explore the effect of endostatin in 
preventing radio‑resistance during IR treatment, a nude mouse 
model bearing SKOV3 ovarian carcinoma was established in 
the present study, and the mice were divided into three groups. 
Following injection of pEgr‑1‑endostatin plasmid for 12 h, the 
mice in the endostatin‑IR‑treated group were exposed to IR 
for 48 h, and the IR‑treated group was exposed to the same 
condition. Our results indicated that endostatin was success-
fully increased in the endostatin‑IR‑treated group compared 
with that in the control and the IR‑treated groups. This is 
consistent with our previous study's finding that the anti‑tumor 
effects of pEgr‑1‑endostatin‑tumor necrosis factor‑α recom-
binant plasmid expression were successfully induced by 
IR (18). Administration of endostatin in vivo led to a strong 
suppression of tumor‑induced angiogenesis (17). In our study, 
it was observed that tumor MVD was decreased significantly 
following administration of IR in the endostatin‑IR‑treated 
group, and the morphology of the tumor vasculature revealed 
that the microvessels were regularly distributed and had less 
giant branches than those in the IR‑treated group. Our find-
ings indicated that the expression of pEgr‑1‑endostatin was 
successfully induced by IR, and suggested that endostatin may 
improve radio‑resistance by normalizing the tumor vascula-
ture.

Hypoxia is a major pro‑angiogenic phenomenon in solid 
tumors that promotes angiogenesis via the HIF‑1 transcription 
factor complex (31). VEGF gene expression is upregulated in 
hypoxia via the oxygen sensor HIF‑1α, and both VEGF and 
HIF‑1α are the main regulators of angiogenesis (22,23,32). 
In the process of angiogenesis, the endostatin plays a facili-
tating role in the apoptosis of endothelial cells; meanwhile, it 

plays a counteracting role in the proliferation of endothelial 
cells (33,34). In the present study, the expression of HIF‑1α and 
VEGF at the mRNA and protein level were further explored 
in the three groups. It was observed that both HIF‑1α and 
VEGF were significantly increased in the IR‑treated group, 
while they were decreased in the endostatin‑IR‑treated group, 
compared with those in the control group. These findings 
suggested that IR treatment for solid tumors may result in 
hypoxia by increasing irregular microvessels, due to aber-
rant expression of HIF‑1α and VEGF. In addition, our results 
indicated that endostatin combined with IR can downregu-
late the expression of HIF‑1α and VEGF, which ultimately 
decreases the number of abnormal microvessels. Thus, it 
may be concluded that endostatin can improve IR‑induced 
hypoxia, which, combined with IR, may be a new treatment 
for solid tumors. These results are consistent with the study 
of Mauceri et al, who reported that the cytotoxic effect of the 
combination of an angiogenic inhibitor with IR on endothelial 
cells was more effective than that of single IR treatment (32). 
The HIF‑1/VEGF signaling pathway may be the possible 
mechanism for the endostatin‑mediated normalizing effects 
on vessels. Increasing evidences also indicated that endostatin 
may suppress endothelial cell proliferation and preclude the 
subsequent recruitment of new vasculature by activating 
downstream apoptotic signals or by blocking the activation 
and catalytic activity of matrix metalloproteinases (33,34). 
Thus, further experiments should be performed in order to 
clarify these observations.

In conclusion, IR could induce angiogenesis, which 
resulted in hypoxia, and endostatin decreased the number of 
microvessels via the HIF‑1/VEGF signaling pathway. The 
present results also indicated that pEgr‑1‑endostatin combined 
with IR may be a new strategy for treating solid tumors. 
However, the limitation of our study is that the mechanism of 
endostatin in preventing radio‑resistance was not explored in 
depth. Future in vitro and in vivo studies are required on this 
combined treatment for solid tumors.
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