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VEGTF regulates the blood-brain barrier through
MMP-9 in a rat model of traumatic brain injury
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Abstract. Blood-brain barrier (BBB) damage is closely
related to morbidity and mortality in patients with traumatic
brain injury (TBI). Inhibition of VEGF effectively protects
BBB integrity in clinical ischemic stroke. Protecting BBB
integrity, reducing brain edema and alleviating post-TBI
secondary brain injury are key to a favorable patient prognosis.
MMP-9 affects BBB integrity by destroying the tight junc-
tion of vascular endothelial cells and inhibiting the transport
and enzymatic systems. The present study aimed to examine
the possible interplay between VEGF and MMP-9 in TBI. A
TBI model was established in 87 male Sprague-Dawley rats.
Reverse transcription-quantitative PCR, western blotting,
wet-dry brain edema assessment, TUNEL and Fluoro-Jade C
staining were performed to analyze the brain tissue samples
of the rats. The results showed that compared with in the
Sham group rats, the mRNA and protein expression levels of
VEGF and MMP-9 were increased at 24 h post-TBI. After
bevacizumab treatment, BBB permeability and nerve cell
apoptosis were markedly reduced. In conclusion, the present
study revealed a potential role for TBI-associated VEGF and
MMP-9 upregulation in BBB disruption and nerve damage
post-TBI.
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Introduction

Traumatic brain injury (TBI) can be caused by anything
from a blow to the head to penetrating brain damage induced
by external forces (1). TBI has a global annual incidence of
>294/100,000, and is more common in older adolescents
(15-19 years) and the elderly (=65 years) (2). Notably, TBI is
mainly caused by falling injuries, blows and car accidents,
and often results in impairment of consciousness, movement,
sensation, language, vision, hearing and memory, and even
death (3). Secondary brain injury after TBI occurs as a result
of cerebral blood vessel and brain parenchymal damage, and
involves oxidative stress, inflammatory response, excitatory
toxicity, imbalanced calcium homeostasis, increased vascular
permeability, blood-brain barrier (BBB) damage, brain edema
and other pathological processes (4). BBB damage can aggra-
vate cerebral edema, disrupt ion balance and induce immune
cell infiltration, leading to cell death (5). To the best of our
knowledge, the specific pathway involved in early brain injury
and BBB permeability changes post-TBI remains unclear.

The BBB separates the blood from the brain, and mostly
comprises vascular endothelial cells, pericytes, astrocytes and
basement membrane (6). In healthy individuals, BBB integrity
heavily depends on the capability of the aforementioned cells to
prevent blood-derived factors and immune cells from entering
the brain tissue while maintaining the highly restricted envi-
ronment of the brain (7). BBB breakdown allows excess water
to accumulate in the brain, leading to edema, or swelling (8).
Regulatory molecules, including MMPs, also induce BBB
damage by affecting the transport system of vascular endothe-
lial cells, leading to cerebral edema (9).

As zinc-dependent proteolytic enzymes, MMPs represent
multifunctional endopeptidases with several functions under
physiological and pathological conditions. In the brain, MMPs
are essential for tissue generation, neural network remodeling
and BBB integrity, and constitute the main proteases involved
in extracellular matrix degradation (10). MMP-9 is a subtype
of MMPs, also referred to as gelatin enzyme B, which is
closely related to changes in BBB permeability (11). Various
cell types contribute to MMP-9 synthesis and secretion,
including endothelial cells, glial cells, neurons, mesenchymal
cells, T cells, macrophages, neutrophils and eosinophils (12).
The upregulation of MMPs following brain damage leads to
enhanced BBB permeability and mediates cerebral edema
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formation (10). It has been suggested that VEGF inhibition in
early cerebral ischemia may serve an anti-cerebral ischemia
role partially via MMPs (13).

VEGF is a growth factor that induces angiogenesis
and increases vascular permeability, which can indirectly
promote the development of brain edema and tightly
regulate angiogenesis (14). VEGF inhibition has been
reported to attenuate vascular permeability and reduce
vasogenic edema in acute cerebral ischemia (15). It has been
demonstrated that blocking VEGF with bevacizumab can
attenuate the brain injury-induced disruption of tight junc-
tion proteins (16) and block the increase of brain edema in
the rat brain (17). In addition, although MMP-9 upregulation
enhances the destruction of tight junction proteins, whether
MMP-9-induced damage to tight junction proteins is
related to VEGF upregulation in TBI remains unclear. The
present study aimed to investigate whether VEGF affects
BBB integrity by controlling MMP-9 secretion, in order to
provide additional evidence for the application of VEGF
inhibitors in the treatment of TBI.

Materials and methods

Study design and grouping. Two distinct assays were performed
(Fig. 1). Experiment 1 assessed the time courses of VEGF and
MMP-9 post-TBI. A total of 36 rats underwent randomization
into the Sham, TBI 12 h, TBI 24 h, TBI 48 h, TBI 72 h and
TBI 7 days groups (n=6/group). After rats were sacrificed and
tissues were collected, reverse transcription-quantitative PCR
(RT-gPCR) and western blotting (WB) were performed to
measure the mRNA and protein expression levels of VEGF
and MMP-9, respectively (Fig. 1B). Brain tissue samples were
collected around the injured area. WB was performed on the
tissue collected from the front of the damaged area and tissue
from the rear was used for RT-qPCR (Fig. 1A).

In Experiment 2, 48 rats were randomly assigned to
the Sham, TBI, TBI + Vehicle and TBI + bevacizumab
(TBI + Beva) groups (n=12/group), to assess the roles of VEGF
and MMP-9 in TBI brain injury. A total of 24 h after TBI,
which was performed based on Experiment 1, animal eutha-
nasia was performed, followed by the collection of injured
brain tissues. Specimens from six rats were assessed by WB of
VEGF, MMP-9, occludin and collagen-IV protein expression,
and TUNEL and Fluoro-Jade C (FJC) staining of neuronal
apoptosis and necrosis. Tissue from the front of the damaged
area was used for WB, and tissue from the rear was used for
TUNEL and FIC assays (Fig. 1A). The remaining six rats per
group were selected for analyzing brain edema. In addition,
six rats per group were randomly selected for neurological
score assessment, which was performed 24 h after TBI and
before euthanasia (Fig. 1C). All experiments strictly used the
blinded method.

Animals. A total of 87 male Sprague-Dawley rats (weight,
300-350 g; age, 8 weeks) were provided by JOINN Laboratories
(China) Co., Ltd., including 84 that were analyzed (one rat
in Experiment 1 and two rats in Experiment 2 died during
anesthesia or modeling). Rats were maintained under a
12-h light/dark cycle with constant temperature (25°C) and
humidity (50%), as well as free access to food and drinking

water. All experimental protocols were approved by the
Animal Ethics and Welfare Committee of Zhangjiagang TCM
Hospital Affiliated to Nanjing University of Chinese Medicine
(approval no. 2020-14-1; Zhangjiagang, China) and conformed
to the guidelines on the care and use of animals outlined by the
National Institutes of Health (18).

The rats were sacrificed upon reaching humane endpoints.
The reasons for the death of rats during anesthesia or modeling
were likely caused by: i) Intraperitoneal injection of sodium
pentobarbital into the internal organs; ii) shock due to exces-
sive bleeding in the sagittal sinus when the bone window was
opened; and iii) heart rate and breathing not recovered after
the 40-g weight was dropped. The humane endpoints of the
study included dyspnea, cyanosis, persistent convulsions and
severe hypothermia that could not be recovered by warming
measures. Death in rats was verified as heart rate and breathing
arrest.

Establishment of the TBI rat model. Experimental TBI in rats
was established as described in a previous report (19). Rats
underwent intraperitoneal anesthesia with 1% sodium pento-
barbital at 40 mg/kg followed by fixation onto a stereotaxic
apparatus (Shanghai Yuyan Instruments Co., Ltd.).

A bone drill was used to make a 5-mm diameter parietal
window at the right of the midline and behind the coronal
suture, keeping the dura intact. Next, a 4-mm diameter and
5-mm height copper weight was placed in the bone window.
This was followed by dropping a 40-g steel rod from a height
of 25 cm onto the copper weight to cause trauma. A short
pause in the heart rate and breathing of the rats indicated
successful modeling. After disinfection and suturing, the rats
were allowed to recover in a warm room. Rats in the Sham
group were also submitted to the aforementioned procedure,
without dropping the steel rod. Important parameters were
monitored during modeling, including heart rate, respiration,
body temperature and body weight. These parameters were
monitored at 9 a.m. every day after the TBI model was estab-
lished until the rats were sacrificed at the indicated time points
(12,24, 48,72 h and 7 days after TBI).

Drug injection. In the TBI + Beva group, bevacizumab
(10 mg/kg, in saline solution; Selleck Chemicals) was intra-
peritoneally injected once immediately after TBI (16,20). The
TBI + Vehicle group animals were intraperitoneally adminis-
tered equal amounts of saline.

Tissue collection and sectioning. Sodium pentobarbital (1%,
40 mg/kg) anesthesia was performed at the indicated time
points post-injury (12, 24, 48, 72 h and 7 days after TBI).
The animals underwent perfusion with 200 ml 0.9% normal
saline via the heart before being sacrificed by the intraperi-
toneal injection of sodium pentobarbital (2%; 150 mg/kg).
Cortical specimens around the injury area (3 mm from the
edge of the injury site in the TBI group or the same loca-
tion in Sham animals) were obtained and placed on ice. A
portion of the specimens from experiment 1 and experiment
2 underwent snap freezing and storage at -80°C for WB and
RT-qPCR, whereas the remaining samples from experiment
2 were fixed with 4% formalin overnight at room tempera-
ture, embedded in paraffin and cut into 5-ym sections using
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Figure 1. TBI model establishment and study design. (A) Brain tissue specimens collected around the injured area in the TBI group or at the same location

in Sham rats were examined via RT-qPCR, western blotting, TUNEL and FIC s

taining assays. (B) Schematic diagram of Experiment 1. VEGF and MMP-9

expression levels were detected in the brain tissue surrounding the injured area after TBI, to determine the time point of maximum expression change for the
second experiment. (C) Schematic diagram of Experiment 2. Effects and potential mechanisms of the VEGF/MMP-9 pathway were assessed post-TBI. TBI,
traumatic brain injury; FJC, Fluoro-Jade C; RT-qPCR, reverse transcription-quantitative PCR; Beva, bevacizumab; SD, Sprague-Dawley.

a paraffin slicer (SLEE medical GmbH) for TUNEL and FJC
staining. Two blinded pathologists extracted and selected the
tissue samples.

RT-gPCR. TRIzol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) was used to extract total RNA from the brain
tissue around the injury. Total RNA (1 #g) underwent RT.qPCR
was carried out on a QuantStudio™ Dx RT-PCR Instrument
(Thermo Fisher Scientific, Inc.) with SYBR™ Green Master
Mix (Thermo Fisher Scientific, Inc.). Thermocycling condi-
tions were as follows: Denaturation at 95°C for 2 min; followed
by 40 amplification cycles at 95°C for 15 sec, 60°C for 15 sec
and 72°C for 60 sec; final extension at 72°C for 10 min, and
hold at 4°C. The 2244 method was utilized to analyze data
that were normalized to GAPDH expression (21). The assays
were performed in triplicate. The sequences of primers used
for RT-qPCR are presented in Table I.

WB. WB was performed based on a previous method (22).
Brain tissue homogenization was performed in tissue protein
extraction reagent (CoWin Biosciences) containing protease
inhibitors on ice for 20 min. The homogenates were cleared

by centrifugation at 12,000 x g for 20 min at 4°C. Pierce™
BCA Protein Assay Kit (Thermo Fisher Scientific, Inc.) was
utilized for protein quantification. Equal amounts of total
protein (30 ug/lane) were separated by 10% SDS-PAGE
and transferred onto a PVDF membrane (MilliporeSigma).
Membranes were blocked with QuickBlock™ Blocking Buffer
(Beyotime Institute of Biotechnology) at room temperature
for 1 h. Subsequently, membranes were incubated overnight
at 4°C with primary antibodies (Table II) and then with goat
anti-rabbit (dilution, 1:5,000; cat. no. 65-6120; Invitrogen;
Thermo Fisher Scientific, Inc.) or anti-mouse IgG-HRP
(dilution, 1:5,000; cat. no. 62-6520; Invitrogen; Thermo
Fisher Scientific, Inc.) at room temperature for 1 h. Finally,
Immobilon™ Western Chemiluminescent HRP Substrate
(MilliporeSigma) was used to detect immunoblots and an
imaging system (Bio-Rad Laboratories, Inc.) was used for
visualization. ImageJ (version 1.8.0; National Institutes of
Health) was utilized for semi-quantification.

Neurological score assessment. Neurological score evalua-
tion was performed 24 h post-TBI using the modified Garcia
test (23,24). The scoring system consisted of seven components:
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Table I. Primer sequences for quantitative PCR.

Primer name

Primer sequence

Product size, bp

VEGF F: 5-ACGGGCCTCTGAAACCATGAA-3' 121

R: 5-TTTCTGCTCCCCTTCTGTCGT-3'
MMP-9 F: 5'-GCCGGGAACGTATCTGGAAA-3' 177

R: 5-GGTTGTGGAAACTCACACGC-3'
GAPDH F: 5-TGTGAACGGATTTGGCCGTA-3' 208

R: 5-GATGGTGATGGGTTTCCCGT-3'
F, forward; R, reverse.
Table II. Primary antibodies used for western blotting.
Antibody against Catalogue number Supplier Host species Dilution
VEGF ab214424 Abcam Rabbit monoclonal 1:1,000
MMP-9 ab76003 Abcam Rabbit monoclonal 1:3,000
Occludin sc-271842 Santa Cruz Biotechnology, Inc. Mouse monoclonal 1:500
Collagen-1V ab6586 Abcam Rabbit polyclonal 1:500
GAPDH PA1-987 Invitrogen; Thermo Fisher Scientific, Inc. Rabbit polyclonal 1:10,000

i) Spontaneous activity; ii) axial sensation; iii) vibrissae
proprioception; iv) symmetry of limb movement; v) lateral
turning; vi) forelimb outstretching; and vii) climbing. Every
subtest was scored from O to 3, with a maximum score of 21.
The higher the score, the lower the nerve damage.

TUNEL assay. The TUNEL assay was performed to measure
neuronal apoptosis using a kit purchased from Beyotime
Institute of Biotechnology, according to the manufacturer's
instructions. After dewaxing in xylene for 5 min twice, anhy-
drous ethanol for 5 min, 90% ethanol for 2 min, 70% ethanol
for 2 min and distilled H,O for 2 min (all at room tempera-
ture), paraffin-embedded sections were treated for 20 min with
DNase-free proteinase K (20 pg/ml) at 37°C. Subsequently,
the sections were incubated for 1 h TUNEL working solution
at 37°C in the dark. DAPI Fluoromount-G™ (Shanghai Yeasen
Biotechnology Co., Ltd.) was utilized for counterstaining for
10 min at room temperature before observation under a fluo-
rescence microscope (Olympus Corporation). The apoptotic
index was determined as (TUNEL-positive cells)/(total cells)
x100.

FJC staining. Necrosis was measured via FJC staining using
a kit from Biosensis Pty Ltd., according to the manufacturer's
instructions. After dewaxing in xylene for 5 min twice, anhy-
drous ethanol for 5 min, 90% ethanol for 2 min, 70% ethanol
for 2 min and distilled H,O for 2 min (all at room temperature),
paraffin-embedded sections were transferred to solution B (1:9,
potassium permanganate:distilled water) and incubated for
10 min at room temperature. Subsequently, the sections were
incubated with solution C (1:9, FIC solution:distilled water)
for 30 min at room temperature in the dark and washed with
distilled water. After drying at 60°C for 10 min, specimens

underwent soaking in xylene for 5 min at room temperature.
Finally, sealing was performed using neutral balsam (Shanghai
Yeasen Biotechnology Co., Ltd.) before observation under a
fluorescence microscope (Olympus Corporation) to count the
FIC-positive cells.

Brain edema assessment. Brain edema assessment was
performed using the wet-dry method (25). After the rat brains
were collected, they were divided into ipsilateral and contralat-
eral sides, and immediately weighed to assess the wet weights.
Subsequently, brain tissues were dried at 100°C for 24 h and
dry weights were obtained. The percentage of water content
in the brains was quantified as [(wet weight-dry weight)/wet
weight] x100.

Statistical analysis. GraphPad Prism 8.0 (GraphPad
Software, Inc.) was used for statistical analysis. Data distribu-
tion was analyzed using the Shapiro-Wilk test and all data were
normally distributed except for the neurological score data.
The neurological score is shown as the median and interquar-
tile range, and other data are presented as the mean + standard
deviation. One-way ANOVA followed by Dunnett's post hoc
test was performed to compare experimental groups with the
Sham group in Experiment 1. One-way ANOVA followed by
Tukey's post hoc test was performed to compare the groups
in Experiment 2. Kruskal-Wallis test followed by Dunn's post
hoc test was used to analyze the neurological scores. P<0.05
was considered to indicate a statistically significant difference.

Results

VEGF and MMP-9 expression in the rat brains after TBI. The
mRNA and protein expression levels of VEGF and MMP-9
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Figure 2. mRNA and protein expression levels of VEGF and MMP-9 post-TBI. mRNA expression levels of (A) VEGF and (B) MMP-9 relative to GAPDH.
Amplification plots and melting curves of VEGF and MMP-9 levels were used to confirm the specificity of reverse transcription-quantitative PCR amplifica-
tion. Western blotting was performed to assess (C) VEGF and (D) MMP-9 protein expression levels in the Sham group, and at 12, 24, 48 and 72 h and 7 days
after TBI. Data were normalized to the Sham group. Statistical analysis was performed using one-way ANOVA with Dunnett's post hoc test. n=6/group.

“P<0.05, “P<0.01, ““P<0.001 vs. Sham group. TBI, traumatic brain injury.
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Figure 3. Effects of bevacizumab on the protein expression levels of VEGF, MMP-9, occludin and collagen-1V, brain edema and neurological score at 24 h
post-TBI. Protein expression levels of (A) VEGF, (B) MMP-9, (C) occludin and (D) collagen-1V, and (E) brain water content and (F) neurological scores were
assessed to determine the effects of bevacizumab at 24 h post-TBI. Protein levels were normalized to levels in the Sham group. Statistical analyses of western
blotting and brain edema were performed using one-way ANOVA with Tukey's test post hoc. Statistical analyses of neurological scores were performed using
Kruskal-Wallis test with post hoc Dunn's test. n=6/group. ““P<0.001 vs. Sham group; “P<0.01, “4¢P<0.001 vs. TBI + Vehicle group. TBI, traumatic brain

injury; TBI + Beva, TBI + bevacizumab.
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Figure 4. Effects of bevacizumab on neuronal apoptosis and necrosis 24 h after TBI. (A) Representative TUNEL assay images showing TUNEL-positive
(green) apoptotic cells and DAPI-stained (blue) nuclei. (B) Representative FJC staining assay images showing cell necrosis. (C) Apoptotic and (D) necrotic
cells. Scale bar, 50 ym. One-way ANOVA with Tukey's post hoc test was utilized for group comparisons n=6/group. ““P<0.001 vs. Sham group; *¢P<0.01,
&&&p<().001 vs. TBI + Vehicle group. TBI, traumatic brain injury; TBI + Beva, TBI + bevacizumab; FJIC, Fluoro-Jade C.

were assessed in the Sham group, and at 12,24,48 and 72 h and
7 days after TBI by RT-qPCR and WB, respectively (Fig. 2).
The mRNA and protein expression levels of VEGF peaked
at 24 h after TBI (P<0.001; Fig. 2A and C). The changes in the
mRNA and protein expression levels of MMP-9 exhibited an

increase detected 12 h after TBI and peaking at 24 h (P<0.001;
Fig. 2B and D). Notably, 24 h (P<0.001) and 48 h (P<0.01) after
TBI, the expression levels of VEGF and MMP-9 were signifi-
cantly increased compared with those in the Sham group. The
time point of 24 h after TBI, which was associated with the
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maximum expression of VEGF and MMP-9, was selected to
investigate the effects of bevacizumab.

Effects of bevacizumab on VEGF and MMP-9 expres-
sion after TBI. Bevacizumab was injected following TBI.
Compared with in the Sham group, the protein expression
levels of VEGF and MMP-9 were markedly increased in the
TBI group (P<0.001; Fig. 3A and B), which was consistent
with the results of Experiment 1. Their levels in the TBI and
TBI + Vehicle groups were comparable. Furthermore, the
expression levels of VEGF and MMP-9 in the TBI + Beva
group were significantly lower than those in the TBI + Vehicle
group (P<0.01; Fig. 3A and B). These results indicated that
bevacizumab administration may reduce the expression of
VEGF and MMP-9 after TBI.

BBB integrity in rats with TBI upon bevacizumab
administration. The expression levels of the tight junction
proteins occludin and collagen-IV were assessed as indicators
of BBB degradation (Fig. 3C and D). The expression levels of
occludin and collagen-I'V were significantly decreased in the
TBI group compared with those in the Sham group (P<0.001).
Their levels in the TBI and TBI + Vehicle groups were
comparable. Furthermore, the TBI + Beva group exhibited
significantly increased expression levels of occludin (P<0.001)
and collagen-IV (P<0.01) compared with in the TBI + Vehicle
group, indicating that BBB damage was ameliorated after
bevacizumab administration. Additionally, brain edema was
assessed using the wet-dry method (Fig. 3E). Compared with
in the Sham group, brain water levels were increased on the
ipsilateral side as a result of TBI (P<0.001). Bevacizumab
injection significantly reduced brain edema in the damaged
hemisphere after TBI compared with in the TBI + Vehicle
group (P<0.01). Brain edema on the ipsilateral side of injury
was generally higher than that on the contralateral side.
However, brain edema on the contralateral side showed no
significant changes among the Sham group and all of the TBI
groups (P>0.05).

Neurological scores in TBI rats following bevacizumab
administration. The modified Garcia test was used to reflect
neurological scores at 24 h post-TBI (Fig. 3F). Neurological
scores were significantly decreased in the TBI group compared
with those in the Sham group (P<0.001). The scores in the TBI
and TBI + Vehicle groups were comparable. Neurological
scores in the TBI + Beva group were markedly improved in
comparison with the TBI + Vehicle group (P<0.01).

Neuronal apoptosis and necrosis in rats with TBI after
bevacizumab intervention. The TUNEL assay (Fig. 4A and C)
and FJC staining (Fig. 4B and D) were performed to assess
neuronal apoptosis and necrosis, respectively. The TBI group
exhibited significantly increased neuronal apoptosis compared
with in the Sham group (P<0.001; Fig. 4C), whereas it was
comparable to the TBI + Vehicle group (P>0.05). Neuronal
apoptosis was significantly decreased in the TBI + Beva
group compared with that in the TBI + Vehicle group (P<0.01;
Fig. 4C). Neuronal necrosis was significantly increased in the
TBI group in comparison with the Sham group (P<0.001),
whereas it was significantly decreased in the TBI + Beva
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Figure 5. Schematic diagram of the possible mechanism by which VEGF
affects secondary brain injury post-traumatic brain injury via MMP-9.
After TBI, VEGF and MMP-9 levels in the brain tissue surrounding the
injured area were increased. By decreasing occludin and collagen-1V levels,
blood-brain barrier permeability may be enhanced, leading to an increase in
water content, and further resulting in apoptosis and necrosis. Inhibition of
VEGEF by bevacizumab may reverse this damage.

Brain

group (P<0.001; Fig. 4D), which was consistent with the results
of TUNEL assay.

Discussion

VEGFis animportant factor that induces vascular permeability,
and contributes to BBB destruction and brain edema (26). In
the present study, the effects of VEGF inhibition on BBB
protection and neuroprotection were investigated in a rat model
of TBI. The results showed that the mRNA and protein expres-
sion levels of VEGF were increased post-TBI and reached their
maximum level at 24 h post-TBI. Bevacizumab, also known as
Avastin, can bind to VEGF and block its biological activity
and is commonly used as a clinical antitumor agent (27).
Bevacizumab has been reported to serve an important role
in brain tumor-related brain edema, particularly in the treat-
ment of brain radiation necrosis (28,29). However, it remains
unclear as to whether there is an effect on TBI-induced brain
edema. In the present study, bevacizumab was administered
immediately after TBI to inhibit the expression of VEGF and
to investigate whether the inhibition of VEGF ameliorated
BBB damage by reducing the expression of MMP-9. The
present results demonstrated that after bevacizumab injection,
the expression levels of VEGF were decreased compared with
those in the TBI group, whereas brain edema was ameliorated.
These findings indicated that VEGF may promote cerebral
edema in the TBI rat model. Moreover, the inhibition of VEGF
by bevacizumab may improve brain edema after TBI.

The occurrence of brain edema after TBI and BBB
dysfunction are directly correlated (30). Previous studies
have shown that the degradation of the tight junction protein
occludin has a critical function in the loss of BBB integ-
rity (31,32). Collagen-IV represents the main constituent
of the basement membrane of the BBB and its degradation
may lead to defects in basement membrane function, which
may serve an essential role in the pathogenetic mechanism
of cerebral damage (33,34). The present study investigated
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the BBB integrity by measuring the levels of occludin and
collagen-IV. The protein expression levels of occludin and
collagen-IV were decreased following TBI compared with
those in the Sham group, with reduced integrity of the BBB.
However, following inhibition of VEGF by bevacizumab,
the expression levels of occludin and collagen-1V were
increased compared with those in the TBI group. The injec-
tion of bevacizumab may increase the levels of tight junction
proteins and possibly repair the basement membrane of the
BBB after TBI, as also suggested by the improvement in
brain edema.

Previous findings have suggested that MMPs can
damage tight junctions and the basement membrane in the
BBB, aggravating brain edema (35). Our previous study
also confirmed that MMP-9 is upregulated in a rat model
of TBI and the specific MMP-9 suppressor SB-3CT can
reverse the increase in MMP-9 and brain edema, and reduce
nerve apoptosis and necrosis (36). The present study used
bevacizumab to inhibit VEGF following TBI, which led to
the downregulation of MMP-9, upregulation of occludin and
collagen-1V, and improved BBB integrity compared with in
the TBI group.

Damage to the BBB can aggravate brain edema, disrupt
ion balance and induce immune cell infiltration, leading to cell
death (7,37). In the present study, TUNEL and FJC staining
were used to assess apoptosis and necrosis in the brain tissue
surrounding the TBI area, respectively. The present results
showed increased levels of TUNEL- and FJC-positive cells
with increasing VEGF and MMP-9 levels post-TBI. Upon
bevacizumab administration, the levels of TUNEL- and
FIC-positive cells were significantly lower than those in the
TBI group, suggesting that bevacizumab treatment may be
helpful in improving secondary nerve injury after TBI.

The mechanism of TBI leading to secondary brain injury
is very complex. As aforementioned, VEGF was revealed to
be significantly increased in the brain tissue surrounding the
TBI area, resulting in a corresponding increase in MMP-9
levels. MMP-9 increases brain water content by regulating
BBB permeability, leads to neuron necrosis and apoptosis,
and causes neurological dysfunction (36). In the present
study, inhibition of VEGF with bevacizumab reduced
TBI-induced brain edema and may inhibit secondary brain
injury; this effect may partly be regulated by occludin and
collagen-IV through the MMP-9 pathway (Fig. 5). This
result indicated that VEGF suppression in early TBI may
have great potential in the treatment of secondary brain
injury post-TBI. The possible mechanism of action was
explored in the present study to a certain extent in terms of
improved brain edema after TBI.

The present study has some limitations. Firstly, since
female rats have estrus and menstrual cycles, which can
add an additional variable to scientific experiments and data
analysis, only male rats were used in the present study. The
effect of this will be considered in future studies. Secondly,
the present study only used animal experiments to investigate
the effect of bevacizumab on the expression of VEGF/ MMP-9
after TBI, as well as on brain edema and neurological func-
tion, whereas the specific mechanism of action was not
verified in vitro. Future studies will be performed to investi-
gate the mechanism of action of bevacizumab in the treatment

of brain edema after TBI in vitro. Thirdly, the half-life of
bevacizumab is estimated to be 20 days and there is a poten-
tial risk of it affecting wound healing (38); therefore, further
validation studies are needed to assess the clinical applica-
tion of bevacizumab in patients with TBI. The present study
explored the effect of bevacizumab on brain edema from the
perspective of BBB integrity in an animal model of TBI, with
the aim of providing experimental guidance for the possible
future clinical application of bevacizumab in the treatment
of TBI.

In conclusion, VEGF was upregulated after TBI in rats,
which damaged BBB integrity by activating MMP-9 and may
aggravate secondary brain injury. Additionally, inhibition of
VEGEF exerted neuroprotective effects. The present findings
indicated that VEGF may represent a critical target for the
prevention and control of secondary brain injury after TBI.
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