
Received:  2019.05.14
Accepted:  2019.08.08

Published:  2019.12.09

  4162      —      8      31

The Construction of a Radiation-Induced Brain 
Injury Model and Preliminary Study on the 
Effect of Human Recombinant Endostatin in 
Treating Radiation-Induced Brain Injury

	 ABCE  1	 Chenying Ma*
	 A  1	 Juying Zhou*
	 D  1	 Xiaoting Xu
	 AC  1	 Lili Wang
	 B  1	 Songbin Qin
	 B  1	 Chao Hu
	 F  1	 Liangqin Nie
	 A  2	 Yu Tu
	
		  * Chenying Ma and Juying Zhou contributed equally to this work and thus shared the co-first authorship
	 Corresponding Author:	 Yu Tu, e-mail: tuyu_88@sina.com
	 Source of support:	 This study was supported by the National Natural Science Foundation of China (No: 81372921and No. 81302384)

	 Background:	 The aim of this study was to construct a radiation-induced brain injury (RBI) model and assess the effects of 
human recombinant endostatin in the treatment of RBI.

	 Material/Methods:	 In this study, the RBI model was used. Real-time quantitative polymerase chain reaction, immunohistochem-
istry, hematoxylin and eosin staining were conducted to detect the mRNA and protein expression of vascular 
endothelial growth factor (VEGF) and assess the effects of human recombinant endostatin in the treatment of 
RBI.

	 Results:	 In this study, we successfully constructed a RBI model. VEGF mRNA expression was decreased after human re-
combinant endostatin treatment; however, VEGF protein secretion was increased in brain endothelial cells, and 
the secretion of VEGF protein was decreased in glial cells and nerve cells. Body weight changes indicated that 
human recombinant endostatin can increase the risk of weight loss. Brain water content results showed that 
human recombinant endostatin might aggravate cerebral edema in the acute stage of RBI, but it can reduce 
the progression of cerebral edema in the early delayed stage. Survival analysis showed that human recombi-
nant endostatin improved the survival rate only in the early stage of RBI.

	 Conclusions:	 Radiation can induce vasogenic edema and is associated with the RBI occurrence and development. VEGF pro-
tein is highly relevant to the induction of edema and thrombosis in the acute phase of RBI and in the early de-
layed phase of RBI, including vascular repair and regeneration, thrombus ablation and other events. Human 
recombinant endostatin can reduce the progression of cerebral edema during the early onset of RBI.
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Background

Radiation-induced brain injury (RBI) is a continuous and dy-
namic process and an unusual life-threatening complication 
after exposure to radiation therapy [1]. In clinics, RBI is divided 
into 3 types: acute phase, early-delayed phase, and late-delayed 
phase. In acute phase, RBI occurs within 2 weeks of the initia-
tion of radiotherapy and sometimes occurs during radiotherapy. 
Most symptoms are transient, reversible, and can resolve on 
their own. In early-delayed phase, RBI develops 2 weeks to 6 
months after irradiation. Early-delayed symptoms may be as-
sociated with disruption of the blood-brain barrier or selective 
oligodendrocyte dysfunction, including sleepiness syndrome, 
deterioration of prior symptoms, and transient cognitive im-
pairment. In late-delayed phase RBI appears perhaps several 
months to years after irradiation. Late symptoms are charac-
terized by leukoencephalopathy syndrome and mild to mod-
erate cognitive impairment, irreversible and destructive [1–3]. 
Although extensive efforts have been devoted to exploring the 
mechanisms of RBI corresponding to clinical manifestations 
in the past decades, the underlying mechanism remains un-
clear. Currently, there have been 2 major theories which were 
widely recognized. The first theory is that direct damage to 
brain parenchymal cells is predominant, while changes in the 
vascular system are relatively minor. The second theory is that 
radiation-induced vascular damage is the most important and 
causes cerebral ischemia [4].

Vascular endothelial growth factor (VEGF) has been identified 
as the major vascular permeability regulator of microvascular 
permeability [5]. It has broad biological functions, such as the 
mediation of angiogenesis, vasculogenesis, vascular permea-
bility, vascular remodeling, vascular survival, arterial differen-
tiation, neurotrophic activity, hematopoiesis, and inflamma-
tory responses [6,7]. In certain pathological conditions, such 
as middle cerebral artery occlusion (MCAO) [8] and brain in-
jury [9], VEGF is significantly elevated in the marginal zone of 
the lesion. Increased VEGF can induce leakage of the blood-
brain barrier, which can promote and aggravate the formation 
of cerebral edema [10–12]. A previous study also reported that 
treatment of rats in the early stage of cerebral ischemia with 
VEGF protein can increase blood-brain barrier permeability and 
even cerebral hemorrhage, whereas the use of VEGF inhibitors 
can reduce blood-brain barrier permeability [13].

Human recombinant endostatin has been expressed and pu-
rified in Escherichia coli [14]. It can suppress VEGF-stimulated 
proliferation, migration, and tube formation of human umbili-
cal vein endothelial cells in vitro [14]. A previous study demon-
strated that human recombinant endostatin can promote the 
efficacy of radiotherapy on esophageal cancer, which may be 
partly realized by inhibiting the activity of VEGF related signal 
pathways [15]; and enhancing the radio-response on esophageal 

squamous cell carcinoma by normalizing tumor vasculature and 
reducing hypoxia [16]. However, little research has been per-
formed on human recombinant endostatin treatment for RBI.

Research on RBI has benefited from using animal models. 
Particularly, rats have been used to elicit a variety of patho-
logical changes (e.g., vascular lesions, edema, necrosis, and de-
myelination) [1]. In this study we used Sprague Dawley (SD) 
rats to construct a whole-brain irradiation model to investi-
gate the effect of human recombinant endostatin in the treat-
ment of RBI and evaluated its feasibility.

Material and Methods

Animals and groups

Male SD rats, weighing 250±10 g, were purchased from 
Soochow University. They were housed in a pathogen-free 
environment (22±2°C, 55±10% humidity and 12/12 hours of 
light-dark cycle) with free access to a standard laboratory diet 
and water. The Medical Laboratory Animal Ethics Committee 
of The First Affiliated Hospital of Soochow University (no. 128) 
approved the animal experimental procedures.

When constructing the RBI model, animals were divided into 2 
groups: 1) the sham group animals received anesthesia but not 
irradiation and 2) the irradiation group (IR) animals received 
anaesthetized and underwent whole-brain irradiation. In the 
experiments that investigated the efficacy of human recom-
binant endostatin in the treatment of RBI, animals were ran-
domized into 4 groups: 1) the sham group animals received 
anesthesia but not irradiation on day 1 and were then intra-
peritoneally injected with saline (2 mL/kg body weight) for 
14 successive days; 2) the irradiation group (IR, animals re-
ceived anaesthetized and underwent whole-brain irradiation 
on day 1; 3) the human recombinant endostatin group (EN) 
animals were intraperitoneally injected with human recombi-
nant endostatin (2 mL/kg body weight) for 14 days; and 4) the 
irradiation+human recombinant endostatin group (IR+EN) ani-
mals received irradiation on day 1 and were then intraperitone-
ally injected with recombinant human endostatin (2 mL/kg body 
weight; Shandong Simcere-Medgenn Bio-Pharmaceutical Co., 
Ltd., China) for 14 successive days. The sampling time points 
for the sham, IR, and IR+EN groups were 1, 3, 7, 14, 28, 42, and 
56 days after irradiation, while the sampling time points for the 
EN group were on days 14, 28, 42, and 56 days after adminis-
tration. There were 3 rats in each group at each time point.

Whole-brain irradiation

After an acclimatization period of 2 weeks, the animals re-
ceived either whole-brain irradiation or sham control. Each rat 
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was anaesthetized by the intraperitoneal injection of 25% ure-
thane solution (4 mL/kg body weight). Whole-brain irradia-
tion was administered using a 6 MV electron beam (Siemens, 
Germany) to establish the animal model of RBI with a single, 
fractionated dose of 20 Gy. Dosimetry was performed using 
thermoluminescence dosimeters placed in the skulls of dead 
rats and confirmed using ionization chambers in tissue-equiv-
alent phantoms. The rats received 20 Gy at an average dosage 
of 2 Gy/minute at a source-skin distance of 100 cm. Figure 1 
shows the whole-brain irradiation procedure.

Hematoxylin and eosin (H%E) staining

Tissue sections were decarboxylated in xylene and rehy-
drated in a series of ethanol solutions. After rinsing with dis-
tilled water, it was stained with Harris hematoxylin solution 
for 5 minutes, rinsed with tap water, and stained with eosin-
phloxine solution for 2 minutes.

Immunohistochemistry

At room temperature, tissue sections were blocked at 3% H2O2 
for 10 minutes, then dewaxed, rehydrated, dehydrated, and 
incubated overnight at 4°C with anti-VEGF antibody (1: 20 00, 
ab1316, Abcam, UK). The next day, the sections were washed 
3 times and incubated with a FITC-conjugated secondary anti-
body at 37°C for 1 hour. Sections were counterstained with 
hematoxylin. For quantitative data analysis, the mean inte-
grated optical density (IOD) values of the cells were measured 
by Image Pro Plus 6.0 (Media Cybernetics, USA). The mean IOD 
value=IOD/area. The IOD and area of positive cells delineated 
manually were measured from a randomly selected area of 
400×magnification in each visual field. The average IOD val-
ue from 10 visual fields for each section was used as the IOD 
value of VEGF-positive cells.

Real-time quantitative polymerase chain reaction (RT-
qPCR) analysis

Total RNA was isolated from brain tissue using TRIzol reagent 
(Invitrogen, USA) and then reverse-transcribed to cDNA using 
a Prime Script™ RT Reagent Kit (TaKaRa, Japan). Subsequently, 
RT-qPCR was performed using an ABI Prism 7500 Sequence 
Detection System (7500, Applied Biosystems, USA). The thermo-
cycling conditions were as follows: 95°C for 5 minutes; 30 cy-
cles of 95°C for 30 seconds, 56°C for 30 seconds and extension 
at 72°C for 1 minute. Relative quantities of mRNA were calcu-
lated using the 2–DDCt method [17] and normalized to the house-
keeping gene b-actin. The primer sequences were as follows:
VEGF sense, 5’-GCTGTGTGTGTGAGTGGCTTA-3’ and
antisense, 5’-CCCATTGCTCTGTACCTTGG-3’;
GAPDH sense, 5’-GCTGTGTGTGTGAGTGGCTTA-3’ and
antisense, 5’-CCCATTGCTCTGTACCTTGG-3’.

Brain water content (BWC)

Brain water content (BWC) was determined by the wet/dry 
(W/D) weight method. The skull was opened via a midline in-
cision, and the brain was removed after euthanasia. Samples 
were wrapped in pre-weighed aluminum foil and immediately 
weighed using an electronic analytical balance to obtain the 
wet weight (WW), dried for 12 hours in an oven at 110°C and 
weighed again to obtain the dry weight (DW). BWC was esti-
mated as follows: BWC (%)=(WW–DW)/WW×100%.

Statistical analysis

SPSS 19.0 (IBM, USA) was applied to analyze all data. Differences 
among multiple groups were statistically analyzed using one-
way ANOVA and post hoc comparisons (Bonferroni test). Survival 
rates were estimated by using the Kaplan-Meier method, and 
P values were calculated using log-rank tests among the groups. 
Values of P<0.05 were considered statistically significant.

Figure 1. Whole brain irradiation model.
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Results

Pathological changes in cerebral microvascular and 
endothelial cells

On day 1 after irradiation, the cerebral capillary space was wid-
ened, and the intima was ruptured in the IR group when com-
pared with that in the sham group. In addition, some of the 
blood vessels began to form thrombi, and the diameter of the 
unobstructed blood vessels was expanded. On day 3 to 7 after 
irradiation, the IR group experienced a peak of thrombosis ac-
companied by further widening of the vascular space and the 
necrosis of endovascular cells. On day 14 after irradiation, throm-
bus revascularization occurred in the IR group, which was ac-
companied by the regeneration of capillaries. On day 42 after 
irradiation, the blood vessel space in the IR group narrowed to 
the same width as that in the sham group. On day 56 after ir-
radiation, the vascular endothelial cells showed hyperplasia, the 
intima of the blood vessels gradually thickened, the lumen of the 
blood vessels also began to narrow, and a small amount of red 
blood cells leaked from the damaged blood vessels. The necrotic 
vascular endothelial cells in the IR group were phagocytized by 
microglia and eventually evolved into gitter cells (Figure 2A).

Pathological changes in neurons, glial cells, and myelin 
sheath structure

Figure 2B shows the results of the H&E staining of neurons, 
glial cells, and myelin sheaths at the observation endpoint. 
Compared with the control group, neuronal loss occurred 
around the neurons, microglia neutrophils in the IR group. 
In the white matter, there was a small amount of water in the 
myelin gap, and some glial nodules formed by microglial hyper-
plasia were observed. In the IR group, microglia were respon-
sible for phagocytic functions throughout the whole process, 
including the phagocytic degeneration of brain endothelial cells 
(BEC) and neurons, and eventually evolved into lattice cells.

BWC changes in the RBI model

As shown in Figure 3, there was no significant change in the 
BWC of the IR group from 1 to 7 days after irradiation com-
pared with that of the sham group. At 14 days after irradiation, 
the BWC of the IR group reached its peak. Compared with the 
sham group, the BWC of the IR group increased significantly 
from 14 days after irradiation, and those on day 14 and day 
28 were statistically significant (P<0.001).
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Figure 2. �Hematoxylin and eosin staining results in rat cortical area after irradiation. (A) Pathological changes in cerebral microvascular 
and endothelial cells. (a–g) Brain tissue sections at 1, 3, 7, 14, 28, 42, and 56 days after irradiation; (h) brain tissue sections 
of Sham group. (B) Pathological changes in neurons, glial cells, and myelin sheath at 56 days of after irradiation.
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VEGF mRNA and protein expression in the RBI model

VEGF mRNA in the IR group showed a decreased value on day 
3 after irradiation compared with that on day 1, followed by 
a gradual increase in expression, and reached a peak on the 

day 14. However, compared with the sham group, it was sig-
nificantly downregulated during the whole observation period, 
with statistically significant decreases on days 1, 3, 7, 28, and 
42 (P<0.005; Figure 4C).

Immunohistochemistry showed the localization and expres-
sion of VEGF in cells. As shown in Figure 4A and 4B, compared 
with the sham group, vascular endothelial cells, glial cells and 
nerve cells (G&N) in the IR group showed positive VEGF ex-
pression on day 1 after irradiation. In addition, VEGF expres-
sion peaked on day 14 after irradiation in different cells. This 
result is also consistent with the previous BWC results. In the 
later observation period, positive staining of VEGF in BEC and 
G&N persisted in the IR group (Figure 4A, 4B).

To more accurately verify the expression of VEGF in differ-
ent cells, we examined changes in the IOD. Figure 4E shows 
changes in the VEGF IOD in G&N, and Figure 4D shows chang-
es in the VEGF IOD in BEC. By analyzing the data, we found 
that the IOD of VEGF protein in G&N in the IR group was in-
creased compared with that in the sham group, with statisti-
cally significant increases at days 1, 14, 42, and 56 (P<0.05). 
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Figure 3. �Determination of brain water content in a rat model 
with whole brain irradiation.

Figure 4. �VEGF mRNA and protein expression in the RBI model. (A) Immunohistochemistry results of VEGF in BEC. 
(B) Immunohistochemistry results of VEGF in G&N. (C) VEGF mRNA expression in IR group. (D) VEGF protein IOD in BEC. 
(E) VEGF protein IOD in G&N. VEGF – vascular endothelial growth factor; BEC – brain endothelial cells; G&N – glial cells and 
nerve cells.
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Figure 5. �VEGF mRNA and protein expression changes in brain tissues post-irradiation with human recombinant endostatin treatment. 
(A) VEGF mRNA expression changes in brain tissues post-irradiation with human recombinant endostatin treatment at 1, 
3 and 7 days. (B) VEGF mRNA expression changes in brain tissues post-irradiation with human recombinant endostatin 
treatment at 14, 28, 42. and 56 days. (C) VEGF protein IOD in BEC. (D) VEGF protein IOD in G&N. (E, F) The distribution of 
VEGF staining positive BEC and G&N in each group on the day 7 and day 14 after irradiation. VEGF – vascular endothelial 
growth factor; BEC – brain endothelial cells; G&N – glial cells and nerve cells.
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However, in BEC, the VEGF IOD was increased except on day 
28 compared with that in the sham group, with statistically 
significant increases on days 1, 14, and 42 (P<0.05). Both IOD 
elevations were time dependent.

VEGF mRNA and protein expression changed in brain 
tissues post-irradiation with human recombinant 
endostatin treatment

As shown in the line graph (Figure 5A), VEGF mRNA expression 
in the IR+EN group was lower than that in the sham group dur-
ing the whole observation period. The differences were statis-
tically significant at 1, 3, and 7 days after irradiation (P<0.005). 
Compared with the IR group, VEGF mRNA expression in the 
IR+EN group was increased significantly at day 3 (P=0.0030), 
day 7 (P=0.0010), and day 28 (P=0.047). Compared with the 
EN group, the mRNA expression of VEGF in the IR+EN group 
was higher at each time point, but there was a significant dif-
ference between them only on day 28 (P=0.0240).

To further detect the expression of VEGF after human recombi-
nant endostatin treatment, we carried out a quantitative anal-
ysis of the protein expression of VEGF in BEC and G&N. In the 
IR+EN group, the IOD of VEGF in BEC was higher than that in 
the sham group at each time point. Compared with the IR group, 
it was statistically significant on days 7, 42, and 56 after irradi-
ation (P<0.005) (Figure 5B). However, the mean IOD of VEGF in 
G&N was statistically significant only on day 28 after irradia-
tion compared with that in the IR group (Figure 5C) (P<0.005).

In addition, we can also see from the line graph that the aver-
age IOD of VEGF protein in BEC reached its peak on day 7 af-
ter irradiation and that of VEGF protein in G&N reached its 
peak on day 14 after irradiation. Correspondingly, we com-
pared and analyzed the H&E staining results of BEC and G&N 
on days 7 and 14, respectively. H&E staining showed that 

human recombinant endostatin used in RBI treatment can in-
duce BEC to upregulate the secretion of VEGF protein; on the 
contrary, it can reduce the secretion of VEGF protein in G&N 
(Figure 5D, 5E).

Body weight changed after irradiation with human 
recombinant endostatin treatment

No significant differences in body weight growth were observed 
between the sham and EN groups throughout the observa-
tion period. Compared with the weight growth of the rats in 
the aforementioned 2 groups, the body weight in the IR group 
and the IR+EN group decreased significantly from day 3 after 
irradiation until the end of the observation period. Compared 
with the IR group, the body weight of the rats in the IR+EN 
group were significantly decreased from day 7 after irradia-
tion to the end point of observation, with statistical signifi-
cance (P<0.005) (Figure 6).
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Figure 6. �Changes in BWC after human recombinant endostatin 
treatment on the RBI model. BWC – brain water 
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Brain water content changed after irradiation with human 
recombinant endostatin treatment

As shown in Figure 7, BWC in the IR+EN group increased sig-
nificantly on day 3, 7, and 44 after irradiation, with statistical 
significance (P<0.005) compared with the sham group and the 
IR group. However, it was significantly lower than that in the 
IR group on day 14 and day 28 after irradiation (P<0.05) and 
significantly lower than that in the EN group and the IR group 
at the observation endpoint (P<0.05).

Survival rate analysis

The survival rates of the rats in the sham group and the EN 
group were 100% during the observation period, and both 
groups had higher survival rates than those of the IR group 
and the IR+EN group. On day 4 day after irradiation, the sur-
vival rate of the IR+EN group was 68.83%, which was signifi-
cantly higher than that of the IR group (67.47%; log-rank tests: 
P=0.0002). However, the survival rate of the IR+EN group was 
lower than that of the IR group on day 5 after irradiation. At the 
end of observation period (56 days after irradiation), the sur-
vival rate of the IR group was 54.88%, and the survival rate of 
the IR+EN group was only 32.76% (Figure 8).

Discussion

Radiation therapy is widely used for the treatment of various 
primary and metastatic malignant tumors of the brain and 
neck. With the development of modern clinical radiothera-
peutic techniques, radiation can be delivered more precisely 
to the targeted tumors, limiting radiation damage to a core 
of diseased tissues. However, the irradiation fields associated 
with such therapy inevitably involve some normal brain tis-
sues [18]. RBI can damage neurons, glial cells, and blood ves-
sels in the brain and can cause changes in molecules, cells, and 
functions. [2]. To explore the potential mechanism of RBI and 
to identify feasible treatment methods, researchers have es-
tablished animal models to explore the histopathology of the 
pathogenesis of brain injury. In the study of radiological brain 
injury, animal models were used to reveal a variety of patho-
logical changes (e.g., angiopathy, edema, necrosis, and demy-
elination) [1]. In this study, we used rats to construct a brain 
injury model and observed the pathological changes in cells 
after radiation and the expression changes in corresponding 
genes to determine whether the brain injury model was suc-
cessfully constructed.

RBI includes glial atrophy, demyelination, necrosis, varying de-
grees of vascular changes, and other histopathological altera-
tions. Yuan et al. showed that radiation would cause an enlarge-
ment of the nucleus of the brain endothelium, the dilatation 

of blood vessels, the contraction of blood vessel walls, a de-
crease in blood vessel density and length, and an increase in 
blood vessel permeability [19]. Raber et al. showed that whole-
brain single or fractionated irradiation of young adult mice 
and rats led to a significant decrease in newborn, mature and 
immature neurons in the dentate gyrus (DG) [20] and Li et al. 
showed that radiation can lead to demyelination and white 
matter necrosis and promote glial cell apoptosis [21]. In our 
study, we obtained similar results by H&E staining.

The tissue D/W ratio method is one of the most commonly 
used indicators to measure tissue water content [22]. This 
part of the experiment used the D/W ratio of brain tissue 
to study the change trend of brain edema in the RBI model 
group. Baldwin et al. [23,24] believed that the blood-brain 
barrier would be opened for the first time within 24 hours af-
ter brain injury and for the second time after brain injury on 
day 3. In this experiment, BWC in the IR group did not increase 
significantly 1 to 7 days after irradiation compared with the 
sham group. Combined with the results of H&E staining, ce-
rebral capillary thrombi gradually formed on day 1 after irra-
diation and peaked on day 3. Therefore, we believe that the 
nonsignificant increase in the BWC in the first 1 to 7 days af-
ter RBI is mainly related to the relative closure of the blood-
brain barrier, which may be caused by cerebral microcircula-
tion disorder and cerebral blood flow hypoperfusion. However, 
starting at 14 days after radiation, the BWC in the IR group was 
significantly higher than that in the sham group and reached 
a peak at day 14. This result indicated that the peak of brain 
edema in the RBI model occurred at the second week after 
exposure, and it also showed that the period of brain edema 
in the RBI model coincided with the clinical occurrence of the 
acute phase of brain edema in the RBI model (that is, it often 
occurred within days to weeks after exposure) [1]. Moreover, 
H&E staining showed that intracranial capillary thrombosis ap-
peared to undergo mechanized recanalization on day 14 after 
irradiation. This observation indicates that the relative increase 
in the BWC in the IR group is closely related to thrombus recan-
alization and a biphasic change in the blood-brain barrier, but 
the specific mechanism needs to be explored in the next step.

VEGF also known as vascular permeability factor (VPF), is an 
important angiogenetic cytokine. It regulates proliferation, dif-
ferentiation, and survival of endothelial cells and enhances 
vascular permeability [25]. It was shown that the overex-
pression of vascular VEGF is an outstanding manifestation in 
the course of RBI [26]. Lee et al. [27] found that VEGF mRNA 
showed a significant decrease 8 hours after irradiation, which 
was accompanied by an increased apoptosis rate and a de-
creased proliferation rate of brain endothelial cells. They be-
lieved that the downregulation of the VEGF gene induced by 
radiation promoted endothelial cell apoptosis and slowed the 
proliferation of endothelial cells through the ang-2 pathway, 
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which eventually led to a significant decrease in the number 
of cerebral microvessels. By detecting the mRNA expression 
level of VEGF, we found that the mRNA expression of VEGF 
was decreased in the IR group from the first day after irradia-
tion and continued throughout the observation period, which 
indicated that the transcriptional function of the VEGF gene 
in the RBI model was relatively inhibited. In combination with 
the first part of the pathological results, we believe that the 
inhibition of VEGF gene expression is closely related to endo-
thelial cell injury and apoptosis. In normal mature brain tis-
sue, there is little expression of VEGF protein, which is gen-
erally only found in areas with abundant blood vessels in the 
brain, such as the choroid plexus, ependyma, pituitary gland, 
and cerebellar granulosa cells. Under the conditions of hypoxia, 
ischemia, trauma, tumor, demyelination, and other conditions, 
the expression of VEGF protein in brain tissue is significantly 
increased [28,29]. In our study, immunohistochemical results 
showed that BEC VEGF protein in the IR group was upregu-
lated from the first day after irradiation, and pathological re-
sults also showed endothelial cell injury and thrombosis. On 
day 14 after irradiation, the expression of VEGF protein in BEC 
and G&N in the IR group continued to rise to the peak, which 
coincided with the timing of cerebral edema at the peak, and 
the intracerebral capillary thrombus began to be recanalized 
with angiogenesis. Meanwhile, immunohistochemical quan-
titative analysis also proved that high VEGF expression can 
promote the occurrence of angiogenesis and cerebral edema. 
Due to the non-strict linear relationship between mRNA and 
protein expression, the expression of VEGF mRNA and protein 
might be out of sync after RBI. Based on the aforementioned 
results, we speculate that VEGF is involved in the induction of 
edema and thrombosis in the acute phase of RBI, and in the 
early delayed phase of RBI, it is involved in vascular repair and 
regeneration, thrombus ablation, and other events.

Human recombinant endostatin is an analogue of endostatin, 
a naturally occurring endogenous inhibitor of neovasculariza-
tion, that has been widely used in anti-angiogenesis therapy 
for cancer. Studies have shown that human recombinant end-
ostatin can inhibit TNF-alpha-induced receptor activator of 
NF-kB ligand expression in fibroblast-like synoviocyte [30], and 
directly inhibit the expression of VEGF protein [31]. Anti-VEGF 
therapy has some therapeutic benefit in RBI therapy, although 
certain therapeutic side effects and specific mechanisms are 
unknown. Therefore, on the basis of the animal model of RBI, 
we added human recombinant endostatin treatment to explore 
the feasibility of anti-VEGF measures in the treatment of RBI. 
In our study, compared with the sham group, VEGF mRNA in 
the IR+EN group was downregulated throughout the observa-
tion period. However, compared with the IR group, VEGF mRNA 
increased significantly on days 1, 3, 7, and 28. This result did 
not support the hypothesis that endostatin reduces vascular 

permeability. Furthermore, the BWC results showed that end-
ostatin induced more severe cerebral edema. This conclusion 
suggests that human recombinant endostatin, applied in RBI 
model rats, has a limited role in the control of acute cerebral 
edema in the early stage of RBI, which also indicates that there 
might be other signal transduction pathways to initiate cere-
bral edema and the upregulation of VEGF mRNA and protein 
expression. Therefore, further study is needed. In the IR+EN 
group, the expression of VEGF protein in BEC showed a slight 
rebound during the whole observation period, but in G&N, 
the expression of VEGF was relatively inhibited. The average 
IOD of the former was several orders of magnitude higher than 
that of the latter. Therefore, we believe that VEGF protein from 
BEC contributes significantly to total VEGF protein in the whole 
brain tissue and is involved in maintaining cerebral edema.

The survival curve after recombinant human endostatin inter-
vention showed that there was no significant difference in the 
survival rate of rats after human recombinant endostatin treat-
ment. The survival rate of the irradiated rats was significantly 
lower than that of the unirradiated rats, and the median sur-
vival time of the irradiated rats was 32 days. Meanwhile, the 
upper limit of BWC in the sham group, namely, <80%, was de-
fined as the upper limit of non-brain edema. We observed that 
the survival rate of rats defined as having brain edema (BWC 
80%) was significantly lower than that of the non-edema group, 
and the median survival time was 12 days. These results indi-
cated that human recombinant endostatin improved the sur-
vival rate of experimental animals only in the early stage of RBI, 
but the survival rate decreased significantly from day 5 after 
the observation to the end point. We speculate that the influ-
encing factors are radiation-induced brain edema. In addition, 
based on the change in body weight analysis, human recom-
binant endostatin will also increase the weight loss of mice.

Conclusions

Radiation can cause blood-brain barrier damage and induce 
the formation of vasogenic edema, which is involved in the 
development of RBI. The formation and ablation of intracere-
bral capillary thrombosis in the RBI model might result in ce-
rebral blood perfusion and a bipolar change in the blood-brain 
barrier. Human recombinant endostatin can partially relieve 
cerebral edema, but the duration and long-term observation 
of human recombinant endostatin for RBI anti-VEGF therapy 
needs to be further explored in future experiments.
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