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Abstract

Background: To investigate the synergic effect and underlying mechanism of Endostar, a recombinant human endostatin used for anti-
angiogenesis, in radiotherapy for cervical cancer. Methods: The Cell Counting Kit-8 (CCK-8) assay and plate cloning experiment
were first employed to analyze the proliferation of HeLa and SiHa cervical cancer cells and human umbilical vein vascular endothelial
cells (HUVECs). Flow cytometry was used to detect apoptosis and cell cycle progression. A tube formation assay was used to assess
angiogenesis in vitro. The expression of gamma H2A histone family member X (γ-H2AX) and activation of the vascular endothelial
growth factor receptor (VEGFR) signaling pathway were detected by immunofluorescence and western blotting, respectively. In a HeLa
xenograft model, tumor tissue expression of CD31 and alpha smooth muscle actin and serum expression of VEGF-A were detected
by immunohistochemistry (IHC) and enzyme-linked immunosorbent assay, respectively. Results: The CCK-8 and plate cloning assays
showed that Endostar and radiotherapy synergistically inhibited the growth of HUVECs but not HeLa and SiHa cells. The flow cytometric
results showed that Endostar only promoted radiotherapy-induced apoptosis and G2/M phase arrest in HUVECs (p < 0.05). Endostar
combined with radiotherapy also significantly inhibited tube formation by HUVECs (p < 0.05). Furthermore, Endostar inhibited the
radiotherapy-induced expression of γH2AX (p < 0.05) and phosphorylation of VEGFR2/PI3K/AKT/DNA-PK in HUVECs (p < 0.05).
IHC showed that Endostar enhanced the inhibitory effect of radiotherapy on the microvessel density in xenograft tumor tissues (p< 0.05),
as well as serum VEGF-A expression (p < 0.05). The tumor volume in the combination therapy groups (1200 mm3) was significantly
lower than in the control group (2500 mm3; p< 0.05). Conclusions: Our findings provide experimental evidence and a theoretical basis
for the application of Endostar in combination with irradiation for anti-cervical cancer treatment.
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1. Introduction
As the leading cause of death from gynecological tu-

mors worldwide [1], cervical cancer has been found to be
strongly associated with persistent infection with high-risk
human papillomavirus (HR-HPV) [2]. Although increased
awareness and use of HPV screening and vaccination has
helped to reduce the incidence andmortality of cervical can-
cer, the current 5-year survival rate for cervical cancer is
only about 60% [3]. At present, surgery is the primary treat-
ment option for patients with stage I–IIa cervical cancer,
and radiotherapy can be used as a preoperative neoadjuvant
treatment to reduce tumor volume prior to surgery, as well
as a postoperative adjuvant treatment to eliminate residual
tumor cells. However, because the efficacy of single agents
still seems restricted, combination radiotherapies involving
different groups of substances have been explored.

The hypervascular nature of the tumor tissue is one of
the fundamental causes of high recurrence and metastasis
of cervical cancer. As a highly active vascular endothe-
lial growth factor, endostatin has been shown to inhibit the

growth of a variety of solid tumors in preclinical studies [4–
6], but its insolubility, instability, short half-life, and high
synthetic cost severely limit its clinical application. Endo-
statin is a C-terminal fragment of a XVIII molecule with
a molecular weight of 20 kDa and the most effective en-
dogenous angiogenesis inhibitor currently available. En-
dostar was developed by Chinese scientists applying Pro-
fessor Folkman’s research to improve the solubility and sta-
bility of recombinant human endostatin. Xu et al. [7] re-
ported that Endostar inhibits angiogenesis by downregulat-
ing the Wnt/β-catenin signaling pathway. Ling et al. [8]
found that Endostar suppresses the VEGF-induced tyrosine
phosphorylation of KDR/Flk-1 (VEGFR-2) as well as the
overall VEGFR-2 expression and the activation of ERK,
p38 MAPK, and AKT in HUVECs.

Additionally, the combination of anti-angiogenesis
treatment with radiotherapy has found a broad range of
clinical applications for cervical cancer treatment. Ke et
al. [9] discovered that when combined with radiotherapy
and chemotherapy, recombinant human endothelin can im-
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prove the short-term efficacy of advanced cervical cancer
without causing serious adverse effects. In addition, Jia
et al. [10] found that the most significant inhibition of
HeLa tumor growth and lymph node metastasis was ob-
served with Endostar plus concurrent chemoradiotherapy
(CCRT) compared with CCRT only, Endostar only, or a
control group. Endostar was also found to inhibit the ex-
pression of vascular endothelial growth factor (VEGF) and
hypoxia-inducible factor 1 alpha (HIF-1α) in vivo and in
vitro [10]. In another recently published phase II study [11],
the objective response rate and disease control rate with
intensity-modulated radiation therapy (IMRT)-based CCRT
plus Endostar infusions were 67.74% and 83.87%, respec-
tively, supporting the application of this treatment for pa-
tients with pelvic locoregional recurrence of cervical cancer
following surgical treatment. However, the precise cellu-
lar and molecular biological mechanisms underlying these
combination therapies remain unknown.

Conversely, radiotherapy has been shown in studies to
stimulate tumor angiogenesis, resulting in increased malig-
nancy of tumor cells, which in turn promotes tumor metas-
tasis and recurrence [12]. Tumor cells secrete a variety
of cytokines in response to radiation stimulation, including
VEGF and transforming growth factor β (TGF-β). Among
them, VEGF can stimulate the growth of blood vessels in tu-
mor tissues, increasing oxygen and nutrient delivery to the
tumor and thus promoting its proliferation and metastasis.
Pueyo et al. [13] subcutaneously injected irradiated A431
cells into nude mice and discovered that tumors formed by
irradiated cells had a faster growth rate and more abun-
dant angiogenesis, compared to untreated cells. Addition-
ally, they confirmed that this aggressive phenotype is asso-
ciated with the activation of radiation-induced extracellular
signal-related kinases ERK1/2 (extracellular regulated pro-
tein kinase1/2, ERK1/2) and protein kinase B (PKB or Akt),
as well as increased transcription of epidermal growth fac-
tor receptor (EGFR), TGF-α and VEGF. It is reasonable to
speculate that anti-angiogenesis therapy administered con-
currently with radiotherapy may inhibit radiation-induced
angiogenesis [14].

In the present study, through cell proliferation and
plate cloning experiments, we investigated the inhibitory
effects of Endostar and radiotherapy on HeLa and SiHa
cervical cancer cells as well as human umbilical vein en-
dothelial cells (HUVECs). Additionally, flow cytometry
and immunofluorescence were used to assess the effect of
Endostar and radiotherapy on apoptosis, cell cycle distri-
bution, and H2A histone family member X (H2AX) ex-
pression. Finally, we investigated the synergistic effect of
Endostar with radiotherapy using a cervical cancer trans-
planted tumor model in nude mice. Our findings provide
experimental evidence and a theoretical basis for the appli-
cation of Endostar in anti-cervical cancer treatment in the
future.

2. Materials and Methods
2.1 Cell Lines

Human cervical cancer cell lines HeLa
(http://www.mjswkj.cn/atcc-list.asp?id=253&lx=small
&anid=2&nid=12) and SiHa (http://www.mjswkj.cn/at
cc-list.asp?id=2604&lx=small&anid=2&nid=12) were
obtained from the Cell Bank of Type Culture Collection
of Chinese Academy of Sciences (Shanghai, China). HU-
VECs (http://www.mjswkj.cn/atcc-list.asp?id=2876&lx=s
mall&anid=2&nid=12) were purchased from MINGJING
Biology. Co. Ltd. (Shanghai, China). All cells were cul-
tured in appropriate conditions according to the suppliers’
instructions.

2.2 Cell Proliferation Assay
Recombinant human endostatin, Endostar, was pro-

vided by Simcere Pharmaceutical Co., Ltd. (Nanjing,
China). For in vitro assays, experimental groups were set
up as follows: control group, radiotherapy (RT) group,
Endostar (E) group, and E+RT group. Cell proliferation
rates were determined by Cell Counting Kit-8 (CCK8) as-
say (Beyotime Biotechnology, Shanghai, China) follow-
ing the manufacturer’s instructions, and six replicates were
tested for each group. Specifically, cells at a density of 4×
104/mL (4000 cells/well) were seeded into 96-well plates
for 16 hours followed by serum starvation overnight. In
the treatment groups, the medium was replaced with com-
plete medium containing Endostar of different concentra-
tions and incubated for 1 hour before exposure to 12 Gy of
X-ray irradiation for 24, 48 or 72 hours, without medium
exchange. After the addition of 10 µL CCK-8 reagent to
each well and incubation for 2 hours, the absorbance at 450
nm indicated the cell count in each sample.

2.3 Clonality Assay
After HeLa and SiHa cells had adhered to six-well

plates at the density of about 500 cells/well, culture medium
containing Endostar was added for incubation for 1 hour,
and then X-ray irradiation of 0, 2, 4, 6, or 8 Gy was ad-
ministered once, followed by a 13-day incubation period
with medium exchanged every 5 days. When cell colonies
were visible under the microscope, they were fixed in 4%
paraformaldehyde for 20 minutes and stained with crystal
violet for 15 minutes for counting the cell colonies (>50
cells were counted as one colony). The adherence and cell
survival rates were calculated as follows: adherence rate =
(number of colonies in the control group/number of inocu-
lated cells in the control group) × 100%; and cell survival
rate = [number of colonies/(number of inoculated cells ×
adherence rate)] × 100%. The survival fraction (SF) [SF =
1-(1-e-D/D0) N] was calculated using the multi-target single-
click model in GraphPad prism 8.0 (GraphPad Software
Inc., CA, USA). The sensitization enhancement ratio (SER)
was calculated by comparing the D0 and Dq values for each
group of cells before and after treatment. All experiments
were performed in triplicate.
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2.4 Flow Cytometry for Cell Cycle and Apoptosis
Assessments

A six-well plate was seeded with a well-growing
single-cell suspension to achieve the optimal cell density.
After the cells reached 80% confluency, Endostar and/or 12
Gy X-ray was administered for 24 hours. Cells were har-
vested and stained with propidium iodide (PI) after pretreat-
ment with RNase A for cell cycle analysis. The Annexin-
AbflourTM647 Apoptosis Detection Kit (Abbkine Scien-
tific, Beijing, China) was used for cell apoptosis detection
according to the manufacturer’s instructions. The FACS
Canto II instrument (BD Biosciences, San Diego, CA,
USA) was used to perform cytometry experiments, and the
software FlowJo (Version 10.0.7) (Ashland, OR) was used
to analyze cell cycle and apoptosis.

2.5 In vitro Endothelial Cell Tube Formation Assay

After addition of about 75 µL/well of liquid Matrigel
(Corning Inc., Corning, NY, USA) to pre-cooled 96-well
plates with a pre-cooled pipette tip, the plates were placed
on ice for 5 min to ensure the Matrigel was evenly dis-
tributed across each well. The plates were then incubated at
37 °C for 60 minutes to allow the gel to solidify. HUVECs
were inoculated in the above 96-well plates at a density of 2
× 105/mL. Cells were then treated with Endostar for 1 hour,
followed by 12 Gy X-ray irradiation for 3, 6 or 9 hours. The
formation of endothelial tubes at each time point was ob-
served in five randomly selected fields and photographed
under an inverted microscope (magnification, 200×). The
formed tube area in each field was analyzed by ImageJ soft-
ware (NIH, Bethesda, MD, USA).

2.6 Immunofluorescence Assay (IFA) and Western Blotting

Briefly, after fixation with 4% paraformaldehyde and
permeabilization with 0.1–0.5% triton X-100, cells were
incubated with primary antibody against γH2AX (cat.
no. 9718S, Cell Signaling Technology, USA) (1:400)
and fluorochrome-conjugated secondary antibody (ZSGB-
BIO, China) (1:1000). For western blotting, denatured
total protein of cell lysate in each group were separated
by sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis (PAGE), transferred to a polyvinylidene difluo-
ride (PVDF)membrane and probedwith primary antibodies
and horseradish peroxidase (HRP)-conjugated secondary
antibodies. The primary antibodies we used included
anti-HIF-1α (AF1009, Affinity, USA), anti-VEGFR-2 (Sc-
393163, Santa Cruz Biotechnology, USA), anti-p-VEGFR-
2 (AF3279, Affinity, USA), anti-PI3K (Sc-1637, Santa
Cruz Biotechnology, USA), anti-p-PI3K (AF3241, Affin-
ity, USA), anti-AKT (4691, Cell Signaling Technology,
USA), anti-p-AKT(AF0016, Affinity, USA), anti-γH2AX
(9718, Cell Signaling Technology, USA), anti-DNA-PKcs
(Sc-390698, Santa Cruz Biotechnology, USA), anti-p-
DNA-PKcs (AF8005, Affinity, USA), and anti-β-actin
(TA-09, ZSGB-BIO, USA). AffiniPure Goat Anti-Rabbit

IgG (H+L) (111-005-003, Jackson Laboratories, USA) or
AffiniPure Goat Anti-Mouse IgG (H+L) (115-005-003,
Jackson Laboratories, USA) was used as the secondary an-
tibody. The bands detected by an enhanced chemilumines-
cence (ECL) Western blot detection kit (Pierce, Waltham,
MA, USA) were visualized and semi-quantified using the
Gel Image System of Tanon Fine Do X6 (Tanon Science &
Technology Co., Ltd., China).

2.7 Tumor Growth and Angiogenesis Evaluation in a
Mouse Xenograft Model

Four- to six-week-old female BALB/C nudemicewith
a bodyweight of 18–22 g were obtained from the Beijing
Weitong Lihua Experimental Animal Technology Co., Ltd
(Beijing, China). They were bred and housed in specific
pathogen-free (SPF) conditions for this study. For each
mouse, 100 µL of HeLa cell suspension at 1× 107 cells/mL
was subcutaneously inoculated. When the tumor volume
reached 150–250 mm3, mice bearing HeLa-xenografted tu-
mors were randomly divided into the following four groups,
with 5 mice in each group: Endostar (E) group: nude mice
injected with Endostar (10 mg/kg/d) through the tail vein
for 24 days; RT group: the tumor area received 8 Gy/1 F
irradiation on the 12th day; E+RT group: after adminis-
tration of Endostar for 1 hour, the tumor area was irradi-
ated with 8 Gy/1F; and the control group: injection of an
equal volume of normal saline. In detail, mice were in-
traperitoneally anesthetized with 4% chloral hydrate, then
the tumor region of the E+RT group mice was irradiated
with 8 Gy X-ray. Tumor volume (mm3) was measured
with a vernier caliper and estimated using the following
formula: tumor volume = 1/2ab2, where a is the longest
diameter and b is the transverse diameter in mm. The
bodyweight of the nude mice and the size of the subcuta-
neous transplanted tumors were recorded in detail for plot-
ting of tumor growth curves. On day 28, mice were sacri-
ficed via cervical dislocation following anesthesia with 4%
chloral hydrate. The tumors were removed, photographed
and measured. The histology of transplanted tumor speci-
mens was observed by conventional hematoxylin and eosin
(H&E) staining and light microscopy. In addition, the ex-
pression levels of CD31 and alpha smooth muscle action
(αSMA) were measured by immunohistochemistry (IHC),
and the microvessel density and αSMA expression in the
slices of each group were analyzed by the software Im-
age Pro Plus (Media Cybernetics, MD, USA). The lev-
els of VEGF in serum were measured by enzyme-linked
immunosorbent assay (ELISA) according to the manufac-
turer’s instruction (MEIMIAN, Jiangsu, China). All proto-
cols were reviewed and approved by the Institutional Ani-
mal Care and Use Committee at Anhui Medical University
(No. LLSC20201146).
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Fig. 1. Endostar and irradiation synergistically inhibited the proliferation of endothelial cells but not cervical cancer cells. HeLa
cells (A), SiHa cells (B) and HUVECs (C) were treated with the different concentrations of Endostar for 24, 48, or 72 hours. HeLa cells
(D), SiHa cells (F) and HUVECs (F) were further treated with 200 µg/mL Endostar in combination with 12 Gy of X-ray irradiation for
24, 48, or 72 hours. Cell viability was assessed by CCK-8 assay, and the mean ± standard deviation inhibition rate based on the OD450

values were obtained from independent experiments.

2.8 Statistical Analysis
All data were analyzed using SPSS 18.0 software

(IBM, Armonk, NY, USA). Measured data are expressed
as mean ± standard deviation. Comparisons between two
groups were made by the t-test, and comparisons among
multiple groups were made by one-way analysis of variance
(ANOVA). The IHC results were analyzed by the χ2 test.
Two tailed p< 0.05 was considered statistically significant.

3. Results
3.1 Endostar and Radiotherapy Synergistically Inhibited
the Growth of Endothelial Cells but not Cervical Cancer
Cells in Vitro

The CCK-8 assay was used to determine the effect of
different concentrations of Endostar on the proliferation of
HeLa cells, SiHa cells, and HUVECs after treatment for 24,
48 and 72 hours. As shown in Fig. 1C, at each time point,
Endostar inhibited the growth of HUVECs beginning at a
concentration of 200 µg/mL, and the effect was steadily
strengthened as the concentration increased (p < 0.05).
However, for HeLa and SiHa cells, Endostar did not show a
significant dose-dependent growth inhibitory effect at any
time point (Fig. 1A,B). As a result, the concentration of
200 µg/mL Endostar was applied in the subsequent exper-
iments. A number of experiments were further conducted
to determine whether irradiation would enhance Endostar-
mediated cell growth inhibition. As shown in Fig. 1F, the
OD450 value for the RT+Endostar-treated HUVECs was

significantly lower than that for HUVEC cells treated by
RT alone beyond 48 hours post-treatment (p < 0.05). In
contrast, the OD450 values did not differ significantly be-
tween HeLa or SiHa cells treated with RT+Endostar and RT
only. Consistently, the results of the colony formation assay
found that in HeLa or SiHa cells treated with the same RT
dose, the addition of Endostar did not significantly change
the cell survival score (Fig. 2A,B), indicating that Endostar
had no measurable impact on the radiotherapy sensitivity of
these cervical cancer cells. These results collectively indi-
cate that Endostar can synergize with RT to inhibit HUVEC
growth in vitro.

3.2 Endostar and Radiotherapy Synergistically Induced
Apoptosis and Cell Cycle Arrest in Endothelial Cells in
Vitro

Annexin-V/PI double staining was performed to as-
sess treatment-induced apoptosis. The results indicated that
compared to those of the untreated groups, the apoptosis
rates of HeLa cells (Fig. 3A), SiHa cells (Fig. 3B), and HU-
VECs (Fig. 3C) were significantly higher in the RT group
(p < 0.05), but were unaffected by Endostar treatment. In-
terestingly, the apoptosis rate of HUVECs, but not of HeLa
or SiHa cells, was notably higher in the Endostar+RT group
than in the RT monotherapy group (p < 0.05, Fig. 3). As
illustrated in Fig. 4C, cell cycle detection by flow cytom-
etry showed that, compared with that in the control group,
the ratio of HUVECs in G0/G1 phase in the Endostar+RT
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Fig. 2. The effects of Endostar and its combination with radiotherapy on the clonogenic ability of HeLa cells (A) and SiHa cells
(B). In HeLa or SiHa cells treated with the same RT dose, the addition of Endostar did not significantly change the cell survival score,
indicating that Endostar had no measurable impact on the radiotherapy sensitivity of cervical cancer cells.

Fig. 3. Endostar and radiotherapy synergistically induced apoptosis of endothelial cells. Flow cytometry indicated that compared
to those in the untreated groups, the apoptosis rates of HeLa cells (A), SiHa cells (B), and HUVECs (C) were significantly higher in the
RT group (p < 0.05), but were unaffected by Endostar treatment. The apoptosis rate of HUVECs, but not of HeLa or SiHa cells, was
notably higher in the Endostar+RT group than in the RT monotherapy group (p < 0.05).
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Fig. 4. Endostar and radiotherapy synergistically induced cell cycle arrest of endothelial cells. Neither the Endostar+RT group nor
the RT monotherapy group showed a significant difference in the proportions of HeLa (A) or SiHa cells (B) in each cell cycle phase. (C)
Compared with that in the control group, the ratio of HUVECs in G0/G1 phase in the Endostar+RT group or RT monotherapy group was
significantly reduced, while the proportions of cells in S and G2/M phases were increased significantly (p < 0.05). Compared with that
in the RT monotherapy group, the ratio of HUVECs in G2/M phase was increased (p < 0.05).

group or RT monotherapy group was significantly reduced,
while the proportions of cells in the S and G2/M phases
were increased significantly (p < 0.05). However, com-
pared with that in the RT monotherapy group, the ratios of
HUVECs in the G0/G1 and S phases did not differ signif-
icantly in the Endostar+RT group, while the ratio of G2/M
phase cells was increased (p< 0.05), indicating that RT re-
duce the proportion of HUVECs in the G0/G1 phases and
arrested them in the S and G2/M phases. Moreover, En-
dostar promoted a further G2/M phase arrest of HUVECs.
In line with the apoptosis findings, neither the Endostar+RT
group nor the RT monotherapy group showed significant
differences in the proportions of HeLa (Fig. 4A) or SiHa
cells (Fig. 4B) in each cell cycle phase. Due to the fact that
G2/M phase cells are the most radiosensitive, our findings
indicated that Endostar could increase HUVEC radiosensi-
tivity by increasing the proportion of these cells in G2/M
phase.

3.3 Endostar Combined with Radiotherapy Inhibited Tube
Formation by Endothelial Cells in Vitro

Angiogenesis is characterized by the formation of cap-
illary tubes and the sprouting of new capillaries during

solid tumor growth. To evaluate the therapeutic effects
of Endostar and radiotherapy on this reorganization stage
during angiogenesis, an in vitro tube formation assay was
performed. As displayed in Fig. 5, microscopic observa-
tion showed that the arrangement of the tubes in the neg-
ative control group was essentially complete after 3 hours,
while that in the treatment group was incomplete and had
a sparse network. The quantitative results also showed that
compared with that in the control group, the capillary area
was significantly inhibited in each treatment group at each
time point. Additionally, the inhibition rate was noticeably
higher in the Endostar+RT combination group than in the
corresponding monotherapy groups (p < 0.05). These re-
sults demonstrate that the tube formation of HUVECs was
inhibited more by the synergistic effect of Endostar and RT.

3.4 Endostar Inhibited RT-Induced DNA Damage Repair
in HUVECs in Vitro

By evaluating the γH2AX (Ser139 site)-mediated re-
pair of DNA double-strand breaks, we further explored the
effect of recombinant human endostatin on the DNA dam-
age induced by radiotherapy [15] (Fig. 6). The results
showed that 1 hour after treatment, compared to that in
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Fig. 5. Endostar combined with radiotherapy inhibited tube
formation by endothelial cells in vitro. Microscopic observa-
tion showed that the arrangement of the tubes was incomplete and
had a sparse network in the treatment group. The quantitative re-
sults also showed capillary area was significantly reduced in each
treatment group at each time point. Additionally, the inhibition
rate was noticeably higher in the Endostar+RT group than in each
monotherapy group (p < 0.05).

the control group, the expression of γH2AX in the HU-
VECs of the RT group and the Endostar+RT group was in-
creased significantly (p < 0.05), but no significant differ-
ence was fonud between the Endostar+RT group and the
RT monotherapy group. However, after 6 hours of treat-
ment, while H2AX expression in HUVECs remained sig-
nificantly higher in the RT and Endostar+RT group than in
the control group (p < 0.05), it was significantly lower in
the Endostar+RT group than in the RT monotherapy group
(p< 0.05), suggesting that Endostar can inhibit RT-induced
DNA damage repair in HUVECs in vitro.

3.5 Endostar Increased HUVEC Radiosensitivity via the
VEGFR2/PI3K/AKT/DNA-PKcs Pathway

The above results led us to hypothesize that Endostar
may enhance HUVEC radiosensitivity by inhibiting DNA
repair via the VEGF receptor (VEGFR) pathway (Fig. 7).
To test this hypothesis, we examined the expression regula-
tion of VEGFR and its downstream signaling molecules in
HUVECs treated with gradient concentrations of Endostar
in combination with RT. Western blotting analysis revealed
that, in comparison to RT monotherapy, Endostar+RT sig-
nificantly inhibited the phosphorylation of VEGFR, PI3K,
AKT, and DNA-PKcs in HUVECs (p < 0.05). Simulta-
neously, H2AX expression was decreased significantly (p

Fig. 6. Endostar inhibited RT-induced DNA damage repair
in HUVECs in vitro. One hour after treatment, the expression
of γH2AX was increased significantly (p < 0.05) in HUVECs of
the RT group and the Endostar+RT group. After 6 hours of treat-
ment, while H2AX expression in HUVECs remained significantly
higher in the RT and Endostar+RT groups than in the control group
(p < 0.05), it was significantly lower in the Endostar+RT group
than in the RT monotherapy group (p < 0.05).

< 0.05), but not according to a dose-dependent response
to Endostar, consistent with the immunofluorescence stain-
ing results. These results indicate that Endostar may af-
fect HUVEC survival following RT administration via the
VEGFR2/PI3K/AKT/DNA-PKcs pathway, without affect-
ing HIF-1 expression.

3.6 Endostar cannot Directly Inhibit Cervical Tumor
Growth in Vivo

To study the effect of Endostar on the growth of sub-
cutaneously transplanted tumors of HeLa cells, we started
daily tail vein injection of Endostar when the tumor volume
reached 70–150 mm3 and started 8 Gy radiotherapy treat-
ment 12 days later. As presented in Fig. 8A,B, there was
no significant difference in the volume of transplanted tu-
mors between each group prior to radiotherapy, indicating
that Endostar had no obvious antitumor effect. The sizes
of tumors in the RT monotherapy and Endostar+RT groups
significantly decreased by the fourth day following radio-
therapy, compared to the control group (p < 0.05). The
tumors in the Endostar+RT group shrank slightly less than
those in the RT monotherapy group, but without a statis-
tically significant difference. Furthermore, the results for
tumor weight changes, which were similar to the tumor vol-
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Fig. 7. The effect of Endostar on HIF-
1α/VEGFR2/PI3K/AKT/DNA-PKcs pathway activation
after radiotherapy in HUVECs. Western blotting analysis
revealed that in comparison with RT monotherapy, Endostar+RT
significantly inhibited the phosphorylation of VEGFR, PI3K,
AKT, and DNA-PKcs in HUVECs (p < 0.05). Simultaneously,
H2AX expression decreased significantly (p < 0.05).

ume change trend, indicated that Endostar failed to signif-
icantly promote the inhibitory effect of radiotherapy on tu-
mor growth (Fig. 8B,C). Although mice in both RT groups
lost about 10% of their body weight from day 13 to the end-
point, the body weight in the two RT groups did not differ
significantly, indicating that Endostar had no noticeable ef-
fect on the animals’ growth (Fig. 8D).

3.7 Anti-Angiogenic Effects of Endostar in Tumor
Xenografts

The density of microvessels in xenografted tumors
was quantified using immunohistochemical staining for the
endothelial cell marker CD31. After treatment, the tumor
microvessel density was significantly decreased in all three
treatment groups compared with that in the control group
(p < 0.05). Moreover, the tumor microvessel density was
notably lower in the Endostar+RT group than in the RT
monotherapy group (p < 0.05; Fig. 9A,B). On the other
hand, although expression of αSMA, a pericyte marker,
was significantly decreased in all three treatment groups (p
< 0.05), no obvious difference was observed between the
Endostar+RT and RT monotherapy groups (Fig. 9A,C), in-
dicating that the Endostar-mediated enhancement of the in-

hibitory effect of radiotherapy on microvessel density was
endothelial cell specific. Additionally, the results of ELISA
demonstrated that in comparison with the control group,
only the Endostar+RT treatment but not the correspond-
ing monotherapy significantly reduced VEGF levels in the
serum of nude mice (p < 0.05; Fig. 9D).

4. Discussion
Recent basic research on recombinant endostatin has

revealed that it has the ability to inhibit endothelial cell
migration and tubule formation, as well as to block tumor
nutrient supply, thereby inhibiting tumor proliferation and
metastasis [16]. Additionally, studies have demonstrated
that recombinant human endostatin can induce apoptosis in
tumor cells and vascular endothelial cells [17] as well as
inhibit the G2/M phase transition, thereby affecting tumor
radiotherapy sensitivity [18,19]. In the present study, we
discovered that Endostar in gradient concentrations inhib-
ited HUVEC proliferation without impairing HeLa or SiHa
growth. Additionally, Endostar and its combination with
radiotherapy inhibited HUVEC growth but had no apparent
synergistic effect on cervical cancer cells. Flow cytomet-
ric results revealed that Endostar promoted apoptosis and
G2/M phase arrest in HUVECs compared to control treat-
ment, which was further enhanced by combination with ra-
diotherapy, but had no effect on HeLa or SiHa cells. Tubule
formation experiments demonstrated that both Endostar and
radiotherapy treatments could inhibit tubule formation by
HUVECs, and the effect was further strengthened by com-
bination of these therapies.

Endostar has been shown in signaling pathway re-
search to inhibit tumor angiogenesis by down-regulating
the expression of VEGF and VEGFR [8]. Endostar can
also inhibit other key signaling pathways, including HIF-
1α, matrix metalloproteinase-2 (MMP-2), basic fibroblast
growth factor (bFGF), and the integrin αvβ3 pathway,
thereby regulating the tumor microenvironment and pro-
moting blood vessel normalization [20]. In this study, we
found that Endostar in combination with radiotherapy de-
creased VEGFR, PI3K, and AKT phosphorylation expres-
sion but had no effect on HIF-1 expression in endothelial
cells, suggesting that the combined treatment had no effect
on the hypoxic state of cervical cancer.

Recent research has discovered a link between the in-
hibition of angiogenesis and DNA damage repair. Raffaella
et al. [21] discovered that siRNA-mediated silencing of
AKT decreased DNA-PKcs (Thr2609) phosphorylation, in-
dicating that AKT regulates DNA-PKcs expression [22].
Additionally, studies have shown that when exposed to ra-
diation, epidermal growth factor receptor (EGFR) translo-
cates to the nucleus to regulate DNA-PKcs activity and pro-
mote double-strand break repair [23], and that VEGF influ-
ences radiation-induced changes in EGFR subcellular local-
ization [24]. Endostatin was found to promote DNA dam-
age in colon cancer cells by interacting with DNA-PKcs
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Fig. 8. Endostar cannot directly inhibit cervical tumor growth in vivo. (A,B) Tumor volume did not differ significantly between the
groups prior to radiotherapy. Tumor size in the RT monotherapy and Endostar+RT groups was significantly decreased on the fourth day
following radiotherapy (p< 0.05). (C) The results for tumor weight changes also indicated that Endostar failed to significantly promote
the inhibitory effect of radiotherapy on tumor growth. (D) The body weight of nude mice in each group did not change significantly
during the continuous treatment.

Fig. 9. Anti-angiogenic effects of Endostar and radiotherapy in tumor xenografts. (A,B) The tumor microvessel density was signif-
icantly decreased in all three treatment groups (p< 0.05), and was notably lower in the Endostar+RT group than in the RT monotherapy
group (p < 0.05). (A,C) The expression of αSMA was significantly decreased in all three treatment groups (p < 0.05), but no obvious
difference was observed between the Endostar+RT and RT monotherapy groups. (D) ELISA results indicated that only Endostar+RT but
not the corresponding monotherapy significantly reduced VEGF levels in the serum of nude mice (p < 0.05).
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[25]. Additionally, by inhibiting the DNA-PKcs signal-
ing pathway, bevacizumab was found to improve the radio-
therapy sensitivity of non-small cell lung cancer cells [26].
Anti-VEGF therapy has been shown to promote radiation-
induced apoptosis in glioblastoma cells by inhibiting ataxia
telangiectasia mutated (ATM) and DNA-PKcs activity [27].
In the present study, we discovered no significant differ-
ence in γH2AX expression between the Endostar combi-
nation group and the RT monotherapy group at 1 hour af-
ter treatment. While γH2AX expression in HUVECs re-
mained significantly higher than that in the control group
after 6 hours of treatment, it was significantly lower in the
Endostar+RT group than in the RT monotherapy group, in-
dicating that Endostar can inhibit RT-induced DNA dam-
age repair in HUVECs in vitro. This hypothesis was also
supported by our western blot analysis of γH2AX expres-
sion in endothelial cells. Additionally, phosphorylation of
DNA-PKcs was significantly lower in the combined treat-
ment group than in the single treatment groups and was de-
pendent on Endostar, indicating that Endostar may inhibit
DNA damage repair via the DNA-PKcs signaling pathway
and induce apoptosis in HUVECs.

It was previously discovered that treatment with re-
combinant human endostatin prior to exposure to 8 Gy ra-
diotherapy significantly inhibits tumor growth in an oral
squamous cell carcinoma xenograft tumor model by in-
hibiting HIF-1 and VEGF expression in the body, thereby
inducing remodeling the vascular system and improving
hypoxia within the tumor [28]. Wen et al. [29] discov-
ered that recombinant human endostatin combined with ra-
diotherapy can improve the radiosensitivity of human na-
sopharyngeal carcinoma and lung adenocarcinoma trans-
planted tumors by increasing tumor cell and endothelial
cell apoptosis, decreasing tumor hypoxia, and regulating
vascular growth factor expression. Additionally, Jiang et
al. [30] demonstrated that combining recombinant human
endostatin with radiotherapy can effectively delay tumor
growth, which may be related to improved tumor hypoxia
and radiotherapy-induced angiogenesis inhibition. Winkler
[31] discovered that inhibiting VEGFR2 expression can re-
sult in a “normalization window”, or a period during which
radiotherapy has the greatest therapeutic effect. It is char-
acterized by an increase in tumor oxygenation, which is
thought to be the basis for improved tumor radioresponsive-
ness. Other studies have also confirmed that recombinant
human endostatin can normalize tumor blood vessels in a
short period of time [32,33]. In our xenograft tumor study,
Endostar treatment had no effect on tumor volume based
on comparison with the control group. Although compared
with that in the radiotherapy treatment group, the tumor
volume in the combination treatment group was slightly re-
duced, the difference was not statistically significant. This
outcome may be explained by a failure to administer radio-
therapy during the normalization window, as well as by the
mode, route, and dosage of radiotherapy. Additional re-

search is required to determine the optimal treatment. Ad-
ditionally, serum VEGF-A levels were significantly lower
in the combined group compared to the control group, but
not in the single treatment groups, indicating that Endostar
can inhibit VEGF-A expression in combination with radio-
therapy.

Microvessel density is a well-regarded indicator for
determining the blood vessel density in tumor tissues.
CD31 is a vasculature-specific marker expressed by prolif-
erating endothelial cells in the vasculature. Pericytes sup-
port endothelial cells, and αSMA expression is a marker
of pericyte coverage and vascular maturity. In a colorec-
tal cancer xenograft model, the microvessel density in the
tumor tissue of the radiotherapy treatment group was signif-
icantly increased compared with that in the control group,
whereas recombinant human endostatin combined with the
radiotherapy treatment induced a significant decrease in the
microvessel density within tumor tissue [34]. The find-
ings of the present study revealed that, the expression of
CD31 in the tumor tissues of the Endostar combined radio-
therapy treatment group was lower than that in the radia-
tion monotherapy group, but the expression of αSMA did
not change significantly, indicating that Endostar can fur-
ther inhibit radiotherapy-induced microangiogenesis with-
out having a significant impact on the pericyte coverage.

This study has several imitations. First, this study used
a single high-dose irradiation because it has a greater bio-
logical effect than segmented irradiation and can shorten
the research period for smaller tumors. However, in clin-
ical practice radiotherapy is divided into multiple doses.
Second, there were only five mice in each group, making
it difficult to determine statistical significance. Third, this
study did not investigate hypoxia within tumor tissues or
DNA damage repair in endothelial cells in vivo. Further-
more, orthotopic models and survival studies will be more
useful for predicting the effectiveness of applying Endostar
in clinical treatment than the method used in the present
study. We will increase the sample size and improve the
related in vivo experiments in future studies.

5. Conclusions
Endostar can synergize with irradiation to inhibit

DNA damage repair and cell proliferation of endothelial
cells through the VEGF pathway, thereby reducing the mi-
crovessel density in tumor tissues. Our findings provide
experimental evidence and a theoretical basis for the appli-
cation of Endostar in anti-cervical cancer treatment in the
future.
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