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Abstract
Tissue plasminogen activator (tPA) is recommended by the FDA to dissolve intravascular clots after acute ischemic stroke 
(AIS). However, it may contribute to hemorrhagic transformation (HT). The Wnt/β-catenin signaling pathway plays an 
important role in regulating the blood–brain barrier (BBB) formation in the central nervous system. We explored whether 
glucagon-like peptide-1 receptor (GLP-1R) agonist exendin-4 (EX-4) reduces the risk of HT after rtPA treatment via the 
Wnt/β-catenin pathway by using a rat transient middle cerebral artery occlusion (MCAO) model in vivo and an oxygen–glu-
cose deprivation plus reoxygenation (OGD/R) model in vitro. Our results showed that EX-4 attenuated neurological deficits, 
brain edema, infarct volume, BBB disruption, and rtPA-induced HT in ischemic stroke. EX-4 suppressed the production of 
ROS and the activation of MMP-9 to protect the integrity of the BBB by activating the Wnt/β-catenin signaling pathway. 
PRI-724, a selective inhibitor of β-catenin, was able to reverse the therapeutic effect of EX-4 in vivo and in vitro. Therefore, 
our results indicate that the GLP-1R agonist may be a potential therapeutic agent to decrease the risk of rtPA-induced HT 
after ischemic stroke via the Wnt/β-catenin signaling pathway.
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MMP-9  Matrix metalloproteinase-9
ZO-1  Zonula occludens-1

Background

The recombinant tissue-type plasminogen activator (rtPA) 
is the only drug approved by the Food and Drug Admin-
istration for the treatment of ischemic stroke [1, 2]. Nev-
ertheless, the application of rtPA is restrained by its short 
therapeutic window and some severe adverse events. Hem-
orrhagic transformation (HT), as a common complication 
of rtPA thrombolysis, is mainly attributed to the direct 
aggravation of blood–brain barrier (BBB) breakdown [3]. 
The BBB is composed of cerebral endothelial cells, base-
ment membrane, pericytes, and astrocytes [4, 5]. The neu-
rotoxicity of rtPA involves the activation of matrix metal-
loproteinases (MMPs), the production of reactive oxygen 
species (ROS), and neuroinflammation leading to increased 
permeability and disruption of the BBB [6–8]. The occur-
rence of HT can aggravate the outcome of rtPA treatment 
in patients with acute ischemic stroke (AIS). Therefore, 
to increase the clinical application of rtPA and improve 
the prognosis of patients with AIS, it is of great clinical 
significance to develop strategies to protect the BBB and 
reduce the damage caused by HT.

Exendin-4 (EX-4) is an agonist of the glucagon-like pep-
tide-1 receptor (GLP-1R) with effects on various physiolog-
ical functions. Namely, EX-4 inhibits glucagon secretion 
and apoptosis. As a relatively small molecule, EX-4 diffuses 
across the BBB to directly access the central nervous sys-
tem [9]. It has been reported that EX-4 exerts neuroprotec-
tive effects against oxidative, inflammatory, and apoptotic 
damage in stroke [10–12]. However, it remains unknown 
whether EX-4 reduces the risk of rtPA-reduced HT after 
ischemic stroke.

The canonical Wnt/β-catenin pathway plays an important 
role in the BBB formation via β-catenin stabilization [5, 13]. 
This facilitates the translocation of β-catenin to the nucleus, 
in which it binds to the transcription factors of the lymphoid 
enhancer (LEF)/T-cytokine family (TCF) to regulate gene 
transcription [14]. The serine–threonine kinase glycogen 
synthase kinase-3β (GSK-3β), which is a component of the 
adenomatous polyposis coli/axin/GSK-3β complex, plays 
an important role in regulation of the phosphorylation and 
degradation of β-catenin [15]. The inhibition of the Wnt/β-
catenin signaling pathway may lead to damage of the BBB 
[16, 17]. Nevertheless, the role of the Wnt/β-catenin path-
way in HT after rtPA thrombolysis in AIS remains unknown.

In this study, the middle cerebral artery occlusion 
(MCAO) rat model and the oxygen–glucose deprivation 
plus reoxygenation (OGD/R) model of cerebral microvas-
cular endothelial cells (BMECs) were used to study the role 

of the Wnt/β-catenin pathway in tPA-induced HT by using 
EX-4. Meanwhile, the Wnt/β-catenin pathway was inhib-
ited by PRI-724, a selective inhibitor of β-catenin, to further 
study the mechanism of EX-4. We hypothesized that the 
administration of EX-4 as a therapeutic drug would reduce 
the BBB permeability and the risk of HT and improve neu-
rofunctional prognosis through the Wnt/β-catenin signaling 
pathway.

Material and Methods

Animals

Adult male Sprague–Dawley (SD) rats weighing 250–280 g 
were included in this study. The rats were raised in the 
Experimental Animal Center of Tongji Hospital and kept at 
22 °C under standard conditions of 50–60% relative humid-
ity and 12:12-h light/dark cycle. Standard food and water 
were supplied ad  libitum. All animal experiments were 
approved by the Experimental Animal Ethical Committee 
of Tongji Hospital affiliated with the Huazhong University 
of Science and Technology.

Transient Focal Cerebral Ischemia

Focal cerebral ischemia was performed by MCAO according 
to a previously described protocol [16, 18]. In brief, an intra-
peritoneal injection of 4% pentobarbital sodium (50 mg/kg) 
was used to anesthetize the rats. After making a midline inci-
sion in the neck, the left common carotid artery and external 
carotid artery were separated under a microscope and ligated 
temporarily with a 4–0 silk suture, and the internal carotid 
artery was clamped. An arteriotomy was performed proxi-
mal in bifurcation of the common carotid artery. A mono-
filament (40 mm long, 0.26 mm in diameter, Beijing Sunbio 
Biotech, China) coated with silicon nylon was introduced 
through the incision of the artery and entered forward into 
the internal carotid artery 18–20 mm, thereby occluding the 
beginning of the middle cerebral artery. Four hours later, rats 
were anesthetized again and the nylon monofilament was 
withdrawn to restore the blood flow of the middle cerebral 
artery. After the operation, rats were sent back to their own 
cages and housed in SPF units.

Experimental Design and Drugs

Rats were randomly divided into five groups: sham group 
rats were treated with the same surgical operation without 
filament insertion, and they were administered 1 mL 1% 
DMSO intraperitoneally with 1 mL saline intravenously; 
vehicle group rats were treated with MCAO and adminis-
tered 1 mL 1% DMSO intraperitoneally with 1 mL saline 
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intravenously; rtPA group rats were treated with MCAO and 
administered 1 mL rtPA (10 mg/kg, Actilyse, Boehringer-
Ingelheim, Germany) inserted into the left femoral vein 
4 h after MCAO; rtPA + EX-4 group rats were treated with 
MCAO and administered EX-4 (100 µg/kg, MC Express, 
USA) intravenously immediately after rtPA injection; and 
rtPA + EX-4 + PRI-724 group rats were treated with MCAO 
and administered EX-4 intravenously and PRI-724 (10 mg/
kg, Selleck, USA), a selective inhibitor of the β-catenin, 
intraperitoneally after rtPA injection.

Neurologic Deficit Score

An investigator blinded to the experimental groups tested 
the neurological function in the animals 24 h after MCAO 
using a modified scoring system as described previously 
[16]. Each animal was scored according to following stand-
ards: 0, no symptoms of neurological deficits; 1, inability to 
completely extend the contralateral forelimb; 2, inability to 
straighten the contralateral forelimb; 3, mild circling to the 
contralateral side; 4, severe circling; and 5, no spontaneous 
activity, falling to the contralateral side. Higher neurologic 
deficit scores implied more severe injury of neurological 
function. Rats with subarachnoid hemorrhage and no neu-
rological function were excluded.

Brain Water Content

Brain edema was assessed by measuring brain water content 
with the wet–dry method as previously reported [19, 20]. 
The rats were anesthetized and sacrificed 24 h after MCAO. 
The brains were quickly removed, and the olfactory bulbs, 
cerebellum, and brain stem were discarded. The brain was 
placed on a dry surface and divided into the ipsilateral and 
contralateral hemispheres. Both hemispheres were wrapped 
in pre-weighed aluminum foil using an electronic analytic 
balance to obtain the total wet weight. After incubating at 
100 °C for 24 h, the total dry weight was reweighed. The 
brain water content was expressed as follows: (total wet 
weight − total dry weight) / tissue wet weight × 100%.

Measurement of Infarct Volume

The infarct volume was evaluated by the 2,3,5-triphe-
nyltetrazolium chloride (TTC, Sigma-Aldrich) staining tech-
nique 24 h after MCAO, as previously reported [21, 22]. 
The animals were sacrificed, and the brain tissue was cut 
into seven coronal sections (2 mm thick) which subsequently 
stained with a 1% TTC at 37 °C for 30 min, and then fixed 
in 4% paraformaldehyde for 24 h. The photograph of stained 
sections was taken, and the digital images were measured 
using ImageJ image-processing software to calculate the 
infarct volume. The nonischemic tissue was stained red, 

whereas the infarct area remained unstained (white or pale). 
The ratio of infarct volume was expressed as the infarct area 
of the ipsilateral hemisphere divided by the total area of the 
ipsilateral hemisphere (× 100%).

Evaluation of BBB Permeability

Evans blue (EB, 2%, 3 mL/kg, Sigma-Aldrich) dye was 
administered through the femoral vein 2 h before cardiac 
perfusion [4, 23]. After the brain was harvested, each hemi-
sphere was weighed and homogenized in 4 mL of 50% 
trichloroacetic acid solution. Then, the homogenate was cen-
trifuged at 12,000 rpm for 30 min, and the supernatant was 
collected and diluted with 100% ethanol at 1:3. The amount 
of EB dye was detected using a spectrophotometer at 620 nm 
and calculated by EB standard curve. The EB extravasation 
index was expressed as the ratio of absorption intensity of 
ischemic hemisphere to that of nonischemic hemisphere.

Measurement of Myeloperoxidase

The level of neutrophil infiltration in the brain tissue was 
measured using the measurement of myeloperoxidase 
(MPO) assay kit (Jiancheng Bioengineering Institute, China) 
according to the manufacturer’s protocol [24]. The absorb-
ance at 460 nm was assessed with a plate reader spectropho-
tometer. The MPO activity was calculated for each rat as 
follows: MPO activity (U/g tissue wet weight) = measured 
OD value − sham OD value / [11.3 × sample volume (g)].

Spectrophotometric Assay of Hemoglobin Content

The concentration of hemoglobin in the ipsilateral brain tis-
sue was assessed with a QuantiChrom hemoglobin assay 
kit (BioAssay Systems, CA, USA) as reported previously 
[4]. The rats were sacrificed, and immediately cardiac perfu-
sion was performed. The brains were cut into the ipsilateral 
and contralateral hemispheres. After 10 mL/g of saline was 
added to each sample, the brains were fully homogenized 
and centrifuged at 13,000 rpm for 30 min. A 200-μL volume 
of reagent was then added to 50 μL of the supernatant. After 
15 min of incubation at room temperature, optical density 
was measured at 400 nm with a spectrophotometer. A stand-
ard curve was acquired using the calibrator reagent in serial 
dilutions (0, 2.5, 5, 10, 20, 30, 50, 75, and 100 mg/dL).

Hematoxylin–Eosin Staining

The coronal brain tissues of rats in five groups were stained 
with hematoxylin–eosin (HE) (C0105, Beyotime, CA) as 
reported previously [25, 26]. Briefly, paraffin coronal sec-
tions were dewaxed with xylene, rehydrated with gradient 
alcohol, and stained with HE reagent at room temperature 
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for 11 min, then they were dehydrated with gradient alcohol 
and sealed. Finally, the cerebral histopathological images 
in the five groups were observed and photographed under 
a microscope.

Immunohistochemical Staining

Based on our established protocol, the slices were incubated 
for 30 min at room temperature with 0.25% Triton X-100 
in 1% BSA and for another 1 h in 5% BSA. Next, the slices 
were incubated with primary antibodies (anti-β-catenin 
[1:300, Abcam]) overnight at 4 °C, followed by incubation 
with biotin-labeled anti-rabbit IgG (1:500, Molecular Probes 
Inc.) for 1 h at room temperature. Then, an HRP-conjugated 
Streptomycetes working solution was added and incubated 
for 20 min. Finally, the slices were incubated with DAB 
solution for 10 min and sealed. Images were acquired using 
a confocal microscope.

BMEC Isolation

Primary BMECs were isolated from 3–4-week-old rats based 
on a previous description [27]. Briefly, the cerebral cortex 
was dissected and digested with gentle trituration every 
10 min for 30 min at 37 °C with PBS containing 10 mg/mL 
DNase I and 400 U/mL collagenase II. The resulting pellet 
was thoroughly washed with PBS over a 70-μm nylon mesh. 
After adequate centrifugation at 1000 rpm for 10 min, the 
cell pellets were resuspended in 25% BSA and centrifuged 
at 2000 rpm at 4 °C for 20 min. The cell pellets were resus-
pended in complete medium and seeded into plates coated 
with collagen (Abcam) at 37 °C in humidified 5%  CO2/95% 
air. One day later, the culture medium was replaced by EC 
culture medium. After 10–12 days in culture, the cells were 
collected for further detections.

Exposure of BMECs to the OGD/R Treatment

The sham group was incubated with high-glucose DMEM 
(HyClone) with 20% FBS at 37 °C in a 5%  CO2/95% air 
atmosphere for 4 h. Then, the medium was replaced by a 
normal medium containing high-glucose DMEM, 20% FBS, 
2 mmol/L glutamine, 100 units/mL penicillin, and 100 μg/
mL streptomycin. BMECs were washed with PBS and incu-
bated with glucose-free DMEM as an OGD medium. Then, 
the cells were transferred to an anaerobic chamber filled with 
a gas mixture of 1%  O2, 95%  N2, and 5%  CO2 at 37 °C for 
4 h as the OGD treatment (OGD group). After the OGD 
treatment, the cells were cultured in a normal medium for 
another 20 h for reoxygenation with or without the corre-
sponding treatment containing 300 µg/ml rtPA (OGD + rtPA 
group) and/or 50 nM EX-4 (OGD + rtPA + EX-4 group) and/

or 4 μM PRI-724 (OGD + rtPA + EX-4 + PRI-724 group) at 
37 °C in a humidified atmosphere of 5%  CO2/95% air.

Cell Viability

The cells were seeded in 96-well plates (10,000 cells per 
well). After 20 h of treatments, the cell viability was deter-
mined using the CCK-8 assay kit (Beyotime Institute, Shang-
hai, China) in line with the manufacturer’s instructions.

ROS Production Quantification

After the treatment, the sedimented cells were resuspended 
with PBS and incubated with DCFH-DA (10 mM, Molecular 
Probes) for 30 min at 37 °C to measure intracellular ROS 
generation. The image was captured by fluorescent micros-
copy immediately. The mean fluorescence intensity was 
evaluated by flow cytometry. The results were analyzed by 
using FlowJo 10 software.

TUNEL Staining

Apoptotic BMECs were labeled with terminal deoxynu-
cleotidyl transferase (TdT)–mediated dUTP nick end labe-
ling (TUNEL) according to the manufacturer’s instructions 
(Beyotime Biotechnology, China). The number of positive 
BMECs was observed by fluorescence microscopy and 
counted in 8 microscopic fields under 200 × magnification.

Immunofluorescence

The brains were cut into 25-μm-thick sections for immu-
nostaining analysis. Based on our established protocol [28], 
the slices were blocked with PBS containing 5% BSA and 
incubated with 0.25% Triton-X 100. Next, the slices were 
incubated with primary antibodies, including rabbit anti-
Factor VIII (1:200, Bioss) and rabbit anti-MMP-9 (1:200, 
Abcam), overnight at 4 °C, followed by incubation with the 
appropriate Alexa 488 or 594-conjugated secondary anti-
body (1:500, Jackson). The brain sections were washed with 
PBS and then incubated in DAPI. The brain sections were 
sealed with 50% glycerin and observed under a fluorescence 
microscope.

Western Blot Analysis

Eight percent to 12% SDS-PAGE gels was electrophoresed 
with some amounts of protein per lane (20 μg) based on 
our established protocol [16, 29]. Proteins were electropho-
retically transferred onto polyvinylidene difluoride (PVDF) 
membranes and blocked with 5% skimmed milk in TBST 
for 1 h at room temperature. Thereafter, the PVDF mem-
branes were incubated with different primary antibodies, 
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including rabbit anti-Occludin-1 (1:1000, Invitrogen), rab-
bit anti-MMP-9 (1:1000, Abcam), rabbit anti-β-catenin 
(1:2000, Abcam), rabbit anti-p-β-catenin (1:1000, Abcam), 
rabbit anti-GSK-3β (1:2000, Abcam), rabbit anti-Caspase-3 
(1:2000, ABclonal), rabbit anti-GAPDH (1:3000, Abcam), 
mouse anti-Claudin-5 (1:1000, Invitrogen), and rat anti-
ZO-1 (1:500, Santa Cruz Biotechnology). After washing 
with TBST, the PVDF membranes were treated with HRP-
conjugated secondary antibody (1:5000) for 1 h at room 
temperature. Immunolabeling was probed with enhanced 
ECL kit (Biosharp). The chemiluminescence level can be 
captured with the imaging system, and the data were normal-
ized to GAPDH.

Statistical Analysis

All the data were analyzed by using the GraphPad Prism 
version 5.04 statistical package and were expressed as 
mean ± standard deviation (SD). Differences among the 
groups were determined by one-way analysis of variance 
(ANOVA). The differences were considered statistically 
significant at p < 0.05.

Results

Effect of EX‑4 on Neurologic Deficit Score, Cerebral 
Edema, and Infarct Area in Rats After MCAO Treated 
with rtPA

The diagram of MCAO anatomy and the schematic dia-
gram of the research design and experimental groups are 
displayed in Fig. 1a, b. The MCAO rats exerted signifi-
cantly neurologic deficit by their behavior in the neurologic 
deficit score. rtPA administration worsened the neurologic 
performance compared with the vehicle group (p < 0.01; 
Fig. 1c). The MCAO rats treated with rtPA + EX-4 exerted 
significant improvement on the neurologic deficit score 
at 24 h after MCAO (p < 0.05). These rats treated with 
rtPA + EX-4 + PRI-724 performed worse than the MCAO 
rats treated with rtPA + EX-4 (p < 0.05). Cerebral edema 
measured by wet-to-dry weight was significantly higher in 
the vehicle group than in the sham group (p < 0.01; Fig. 1d). 
The MCAO rats treated with rtPA showed aggravated cer-
ebral edema compared with the vehicle group (p < 0.05). 
The increase in rtPA-induced edema was inhibited by EX-4 
administration (p < 0.05), and the MCAO rats treated with 
rtPA + EX-4 + PRI-724 had more pronounced cerebral 
edema compared with the rtPA + EX-4 group (p < 0.05) 
at 24 h after MCAO. The MCAO rats treated with rtPA 
showed the enlarged infarct compared with the vehicle group 
(p < 0.01; Fig. 1e, f). The combination treatment with rtPA 
and EX-4 decreased the infarct volume compared with the 

treatment with rtPA alone (p < 0.05). The MCAO rats treated 
with rtPA + EX-4 + PRI-724 had a larger infarct volume than 
the rtPA + EX-4 group (p < 0.01) at 24 h after MCAO.

Effect of EX‑4 on HT and BBB Permeability After 
MCAO Treated with rtPA

All the coronal sections were observed; we found that the 
hemorrhage was not significant in the vehicle group and 
rtPA + EX-4 group. In contrast, there was increased hemor-
rhage in the rtPA group and rtPA + EX-4 + PRI-724 group 
24 h after MCAO (Fig. 2a). The hemoglobin concentra-
tion of the ipsilateral hemisphere was measured by hemo-
globin spectrophotometric assay. Significantly increased 
hemorrhage reduced by rtPA was inhibited by EX-4 treat-
ment 24 h after MCAO (p < 0.05; Fig. 2b). Moreover, the 
degree of EB dye extravasation was observed to examine 
the BBB permeability in each group (Fig. 2c). Namely, the 
treatment with rtPA alone significantly aggravated EB dye 
extravasation compared with the vehicle group (p < 0.01; 
Fig. 2c), whereas MCAO rats treated with rtPA + EX-4 
had lower EB dye extravasation compared with the rtPA 
group (p < 0.05; Fig. 2d) at 24 h after MCAO. Moreover, 
the rtPA + EX-4 + PRI-724 treatment increased the hem-
orrhage and the EB dye extravasation compared with the 
rtPA + EX-4 treatment. These data showed the effect of 
EX-4 on protecting the BBB integrity and implicated that 
the Wnt/β-catenin signaling pathway may participate in the 
rtPA-related HT and BBB damage.

Effect of EX‑4 on the Disruption of the BBB After 
MCAO Treated with rtPA

In this study, HE staining was used to assess the histological 
changes in the cerebral cortex. The normal brain structure 
showed integral histological and cellular structure. While the 
cerebral structure in the vehicle group revealed edema and 
few inflammatory cells, the rtPA group showed increased 
edema, inflammatory cells, and hemorrhage (Fig. 3a). The 
treatment with EX-4 ameliorated rtPA-induced histological 
changes compared with the rtPA group 24 h after MCAO. 
Moreover, the usage of PRI-724 aggravated the histological 
injury compared with the rtPA + EX-4 + PRI-724 group. The 
MPO activity of the brain tissue, reflecting neutrophil infil-
tration, significantly increased in the rtPA group compared 
with the vehicle group (p < 0.01; Fig. 3b). The MCAO rats 
treated with rtPA + EX-4 showed a decreased MPO activ-
ity compared with the rtPA group (p < 0.01), whereas the 
rtPA + EX-4 + PRI-724 group reversed this protective effect 
at 24 h after MCAO (p < 0.01).

Western blotting showed that the band density of ZO-1, 
Occludin, and Claudin-5 was reduced in the vehicle group 
at 24 h after MCAO. The treatment with rtPA aggravated 
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the degradation of TJPs compared with the vehicle group 
(p < 0.01; Fig. 3c–g). EX-4 significantly suppressed the 
rtPA-induced disruption of ZO-1, occludin, and Claudin-5, 
but PRI-724 reversed these effects 24 h after MCAO.

Effect of the Wnt/β‑Catenin Signaling Pathway 
on rtPA‑Associated HT at 24 h After MCAO in Rats

Immunohistochemistry was used to assess the expression 
level of β-catenin in the brain tissue (Fig. 4a). The expres-
sion level of β-catenin was significantly inhibited in the 
rtPA group compared with the vehicle group 24 h after 
MCAO. The treatment with rtPA + EX-4 ameliorated rtPA-
induced downregulation of β-catenin at 24 h after MCAO, 
but PRI-724 decreased the β-catenin expression. We also 
explored the expression of p-β-catenin and GSK-3β in the 
MCAO rats after rtPA thrombolysis (Fig. 4b–f). Western 

blotting revealed a significant upregulation of p-β-catenin 
and GSK-3β in the rtPA group compared with the vehicle 
group at 24 h after MCAO (Fig. 4d–f). EX-4 significantly 
suppressed the rtPA-induced expression of p-β-catenin 
(p < 0.05) and GSK-3β (p < 0.01), whereas PRI-724 reversed 
this effect 24 h after MCAO, suggesting that the activation 
of the Wnt/β-catenin signaling pathway may reduce rtPA-
induced HT 24 h after MCAO in rats.

Effect of Wnt/β‑Catenin Signaling Pathway 
on MMP‑9 Activation in rtPA‑Associated HT at 24 h 
After MCAO in Rats

To further analyze the mechanism of rtPA-induced BBB 
damage after MCAO, we detected the expression levels 
of MMP-9 by immunofluorescence in the ipsilateral brain 
tissue (Fig. 5a). We found that the expression of MMP-9 

Fig. 1  EX-4 reduces neurologic 
deficit and infarct volume in 
rats after MCAO treated with 
rtPA. a In vivo, MCAO was 
performed by monofilament in 
rats. b Schematic diagram of the 
experimental design. The exper-
imental groups were treated 
with vehicle, rtPA, rtPA + EX-4, 
or rtPA + EX-4 + PRI-724. c Rat 
performance on the neurologic 
deficit scores at 24 h after 
MCAO is shown in bar graphs 
(n = 25 rats/group). d Bar 
graphs show the brain water 
content at 24 h after MCAO 
(n = 4 rats/group). e Coronal 
sections immersed with TTC at 
24 h after MCAO show infarct 
area (unstained regions). f Bar 
graphs show infarct volumes of 
each group (n = 5 rats/group). 
Data are shown as mean ± SD 
and analyzed by one-way 
ANOVA. *p < 0.05 vs. sham 
group, **p < 0.01 vs. sham 
group; #p < 0.05 vs. vehicle 
group, ##p < 0.01 vs. vehicle 
group
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was obvious in cerebral microvessels in the rtPA group. 
EX-4 reduced the activation of MMP-9, while PRI-724 
upregulated MMP-9 activation, especially in cerebral 
microvessels. Western blotting showed increased MMP-9 
expression in the vehicle group compared to the sham 
group, and expression of MMP-9 in the rtPA group was 
significantly increased compared to the vehicle group 
(Fig. 5b, c). rtPA-induced MMP-9 expression was inhib-
ited by EX-4, but the effect was reversed by PRI-724, 
indicating that the Wnt/β-catenin signaling pathway can 
participate in rtPA-induced MMP-9 activation 24 h after 
MCAO in rats.

Effect of the Wnt/β‑Catenin Signaling Pathway 
In Vitro on BMECs in the OGD/R Model Treated 
with rtPA

BMECs are important components of the BBB, and they 
exert a crucial effect on the occurrence of HT. To further 
analyze the degree of rtPA-induced BMECs damage after 
OGD/R, primary BMECs were isolated from SD rats and 
the cell purity was greater than 95%, which detected by 
immunofluorescence FVIII labeling of endothelial cells 
(Fig. 6a). We also evaluated cell viability of each group 
and TUNEL staining (Fig. 6b–d). The treatment of BMECs 
with rtPA significantly decreased the cell viability and 
promoted apoptosis at 24 h after OGD/R (p < 0.01). EX-4 
improved the viability of BMECs compared with the rtPA 

group (p < 0.01) and reduced the rtPA-induced apoptosis of 
BMECs (p < 0.01). PRI-724 aggravated the BMECs damage 
and cell apoptosis 24 h after OGD/R.

Furthermore, we explored the expression of tight-junc-
tion proteins in BMECs 24 h after OGD/R. Western blot-
ting showed that the band density of ZO-1, Occludin, and 
Claudin-5 was reduced in the vehicle group at 24 h after 
OGD/R (Fig. 6e–g). rtPA deteriorated the disruption of 
ZO-1, Occludin, and Claudin-5 compared with the vehi-
cle group (p < 0.01). EX-4 significantly inhibited the rtPA-
induced damage of ZO-1, Occludin, and Claudin-5, whereas 
PRI-724 reversed this effect at 24 h after OGD/R. These 
results showed that activating the Wnt/β-catenin signaling 
pathway may decrease rtPA-induced BMECs damage and 
tight-junction protein damage.

Effect of the Wnt/β‑Catenin Signaling Pathway 
on rtPA‑Induced BMEC Damage at 24 h After OGD/R

Immunofluorescence was used to detect the expression of 
β-catenin in BMECs (Fig. 7a). The expression of β-catenin 
was significantly inhibited in the rtPA group compared 
with the vehicle group 24 h after OGD/R. The rtPA + EX-4 
treatment ameliorated the rtPA-induced downregulation 
of β-catenin compared with the rtPA treatment alone, 
but PRI-724 reduced the expression of β-catenin at 24 h 
after OGD/R. We also explored the expression level of 
β-catenin, p-β-catenin, and GSK-3β by western blotting in 

Fig. 2  EX-4 reduces rtPA-
induced hemorrhagic transfor-
mation and BBB permeability 
after cerebral ischemia. a 
Coronal section shows the 
level of hemorrhage 24 h after 
MCAO. b Bar graphs show the 
quantification of hemorrhage 
volume measured by hemo-
globin spectrophotometric assay 
(n = 5 rats/group). c Bar graphs 
show the content of the EB in 
the brain (n = 5 rats/group). 
d Coronal section shows the 
extravasation of the EB dye 24 h 
after MCAO. Data are shown 
as mean ± SD and analyzed by 
one-way ANOVA. **p < 0.01 
vs. sham group; ##p < 0.01 vs. 
vehicle group
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the BMEC OGD/R model. The results showed a significant 
upregulation of p-β-catenin and GSK-3β and downregu-
lation of β-catenin in the rtPA group compared with the 
vehicle group at 24 h after OGD/R (p < 0.01; Fig. 7b, c). 
EX-4 significantly suppressed the rtPA-induced expres-
sion of p-β-catenin, and GSK-3β and increased the expres-
sion of β-catenin, whereas PRI-724 reversed this effect 
at 24 h after OGD/R. These findings indicated that the 
Wnt/β-catenin signaling pathway plays an important role 

in rtPA-induced BMEC damage, and the activation of this 
pathway may diminish the BMEC damage.

Effect of the Wnt/β‑Catenin Signaling Pathway 
on MMP‑9 Activation in rtPA‑Associated BMEC 
Damage at 24 h After OGD/R

To further analyze the mechanism of rtPA-induced BMECs 
damage at 24 h after OGD/R, we detected the expression 

Fig. 3  EX-4 reduces rtPA-
induced BBB damage after 
cerebral ischemia. a Histo-
pathological changes tested by 
HE staining in infarcted cortex 
(original magnification × 400). b 
The MPO activity was detected 
in the infarcted lateral hemi-
sphere (n = 4 rats/group). c–e 
Immunoblot images and quanti-
tative data of the Occludin and 
Claudin-5 at 24 h after MCAO 
(n = 4 rats/group). f, g Immu-
noblot images and quantitative 
data of the ZO-1 at 24 h after 
MCAO (n = 4 rats/group). Data 
are shown as mean ± SD and 
analyzed by one-way ANOVA. 
*p < 0.05 vs. sham group, 
**p < 0.01 vs. sham group, 
##p < 0.01 vs. vehicle group
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levels of MMP-9 and Claudin-5 by immunofluorescence in 
BMECs in vitro (Fig. 8a). We found that the expression of 
MMP-9 was significantly higher in the rtPA group than in 
the vehicle group. EX-4 was able to reduce the activation 
of MMP-9, but PRI-724 upregulated the expression levels 
of MMP-9 at 24 h after OGD/R. Western blotting was used 
to measure the expression levels of MMP-9 (Fig. 8b, c). We 
also found that rtPA significantly induced the MMP-9 expres-
sion of the BMECs at 24 h after OGD/R compared with the 
vehicle. EX-4 reduced the expression of MMP-9 by activat-
ing the Wnt/β-catenin pathway (p < 0.05), which could be 
reversed by PRI-724 (p < 0.01). These findings suggested 
that the Wnt/β-catenin signaling pathway may affect rtPA-
induced BMECs damage by regulating MMP-9 expression 
at 24 h after OGD/R.

Effect of the Wnt/β‑Catenin Signaling Pathway 
on ROS Production in rtPA‑Induced BMEC Damage 
at 24 h After OGD/R

Since oxidative factors play a crucial role in cerebral 
ischemia [30], we further analyzed the mechanism of 
rtPA-induced BMECs damage at 24 h after OGD/R, and 
we assessed the levels of ROS by immunofluorescence in 
BMECs in vitro (Fig. 9a). We found that the levels of ROS 
were significantly increased in the vehicle group compared 
with the sham group, and the levels of ROS increased more 
in the rtPA group than in the vehicle group. EX-4 reduced 
the production of ROS, but PRI-724 reversed the protection 
of EX-4 in BMECs in vitro at 24 h after OGD/R. Our results 
showed significantly increased levels of ROS in the rtPA 

Fig. 4  Wnt/β-catenin signaling 
pathway plays an important 
role in rtPA-associated HT after 
MCAO in rats. a Representative 
images of β-catenin expression 
detected by immunohistochemi-
cal staining in the infarcted 
cortex (original magnifica-
tion × 400). b, c Immunoblot 
images and quantitative data 
of β-catenin expression at 24 h 
after MCAO (n = 4 rats/group). 
d–f Immunoblot images and 
quantitative data of protein level 
of p-β-catenin and GSK-3β at 
24 h after MCAO (n = 4 rats/
group). Data are shown as 
mean ± SD and analyzed by 
one-way ANOVA. *p < 0.05 
vs. sham group, **p < 0.01 vs. 
sham group, and ##p < 0.01 vs. 
vehicle group
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group compared with the vehicle group (p < 0.01; Fig. 9b, 
c). The rtPA-induced ROS production was diminished by 
inhibiting the Wnt/β-catenin pathway under the action of 
EX-4, effect of which could be inhibited by PRI-724. These 
results implicated that rtPA-induced ROS production can 
be influenced by the Wnt/β-catenin signaling pathway in 
BMECs in vitro at 24 h after OGD/R.

Discussion

Recently, many different drugs acting on various mecha-
nisms have been developed to intervene at various steps 
of ischemia–reperfusion injury or BBB damage, so as to 
decrease the incidence of HT after AIS. In this study, the 
risk of HT after rtPA thrombolysis and the effect of EX-4 on 
a rat MCAO model and on BMECs in vitro were observed. 
EX-4 played a protective role in reducing neurological defi-
cits, brain edema, infarct volume, neutrophil infiltration, 
BBB damage, and hemorrhage in the MCAO model treated 
with rtPA. EX-4 protected the viability of BMECs from 
rtPA treatment in OGD/R model in vitro. In addition, EX-4 

reduced degradation of tight-junction proteins by inhibit-
ing MMP-9 activation and ROS production via activating 
Wnt/β-catenin signaling pathway. However, PRI-724, a 
selective inhibitor of β-catenin [31], was able to reverse the 
therapeutic effect of EX-4 in both the MCAO model and 
the OGD/R model. Our results indicated that the activation 
of the Wnt/β-catenin signaling pathway could be a poten-
tial strategy to reduce the risk of HT after ischemic stroke 
treated with rtPA, and EX-4 might be a potential therapeutic 
drug to diminish the adverse effect of HT by activating the 
Wnt/β-catenin signaling pathway. Moreover, the activation 
of the Wnt/β-catenin signaling pathway may inhibit MMP-9 
activation and ROS production. The potential mechanisms of 
HT after rtPA thrombolysis in BMECs via the Wnt/β-catenin 
signaling pathway are shown in Fig. 10.

GLP-1 is a hormone that promotes insulin release in 
hyperglycemic conditions [32]. EX-4 mediates numerous 
physiological pathways through the G-protein-coupled 
GLP-1 receptor which is widely expressed in a variety of tis-
sues, especially in the brain [33, 34]. The activation of GLP-
1R exerts neuroprotection in some animal models of Alzhei-
mer’s diseases, Parkinson’s diseases, and stroke [33, 35]. It 

Fig. 5  EX-4 reduces the 
expression of MMP-9 in rtPA-
associated HT after MCAO in 
rats. a Representative images 
of MMP-9 expression detected 
by immunofluorescence in the 
infarcted cortex (original mag-
nification × 400). b, c Immunob-
lot images and quantitative data 
of the expression of MMP-9 at 
24 h after MCAO (n = 4 rats/
group). Data are shown as 
mean ± SD and analyzed by 
one-way ANOVA. *p < 0.05 
vs. sham group, **p < 0.01 vs. 
sham group, and ##p < 0.01 vs. 
vehicle group
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has been reported that EX-4 could exert anti-inflammatory 
and protective effects on the BBB and neurons by reducing 
oxidative stress, which may contribute to the treatment of 
stroke [11, 12]. However, the role of EX-4 in HT of stroke 
after tPA treatment is still unclear. Unlike previous research 
reports, our results showed that the effect of rtPA combined 
with EX-4 may play a protective role on HT after ischemic 
stroke by regulating the Wnt/β-catenin signaling pathway.

Previous studies showed that the activation of the Wnt/β-
catenin pathway may protect the BBB and reduce the risk 
of HT in AIS [36–38]. However, the mechanisms of the 

protective effect of the Wnt/β-catenin pathway activation 
against rtPA-aggravated HT remain unknown. MMP-9 is a 
zinc- and calcium-dependent proteolytic enzyme that can 
participate in the degradation of the BBB in rtPA-associated 
hemorrhagic complications after stroke [39, 40]. The acti-
vated MMP-9 can disrupt basal lamina and TJPs to dam-
age BBB integrity in the experimental MCAO models [40]. 
In the vehicle group, the expression of MMP-9 was slightly 
increased, while in the rtPA group, the expression of MMP-9 
was significantly increased, indicating that MMP-9 plays 
an important role in rtPA-induced BBB destruction. In the 

Fig. 6  Effect of EX-4 on 
protecting the BMEC viability 
and reducing the tPA-induced 
tight-junction protein damage in 
the OGD/R model in vitro. (A) 
The purity of primary BMECs 
was detected by immunofluores-
cence images (original magni-
fication × 200). (B) Viability of 
the BMECs treated by different 
treatments was accessed by the 
CCK-8 kit in the OGD/R model 
in vitro (n = 5 in each group). 
c, d Apoptosis of BMECs 
treated by different treatments 
was tested by TUNEL assay 
in the OGD/R model in vitro 
(original magnification × 200). 
e–g Immunoblot images and 
quantitative data of the expres-
sion of the ZO-1, Occludin, 
and Claudin-5 in BMECs in the 
OGD/R model in vitro (n = 4 
in each group). Data are shown 
as mean ± SD and analyzed by 
one-way ANOVA. *p < 0.05 
vs. sham group, **p < 0.01 vs. 
sham group, ##p < 0.01 vs. vehi-
cle group. + p < 0.05 between 
two groups and +  + p < 0.01 
between two groups
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immunofluorescence images of rat brain tissue, we found 
that the expression of MMP-9 in the cerebral microvascu-
lar endothelial cells was significantly increased after rtPA 
treatment.. Since the cerebral microvascular endothelial cells 
are an important part of the BBB, we isolated the primary 
BMECs for further study. In addition, a high concentration of 
ROS induced by cerebral ischemia–reperfusion can activate 
MMP-9 to aggravate the BBB damage and lead to cell death 
by lipid peroxidation, protein dysfunction, and DNA damage 
[41]. Our experiments showed that rtPA significantly reduced 
the activation of MMP-9 and the production of ROS in the 
rat MCAO model and in BMECs OGD/R model in vitro. 
EX-4 was previously shown to inhibit MMP-9 activation 
and reduce infarct growth after focal cerebral ischemia in 
hyperglycemic mice [42]. Our results further suggested that 

EX-4 can suppress the activation of MMP-9 in ischemic 
brain tissue, especially in BMECs. It has been implied that 
EX-4 can alleviate ischemia–reperfusion injury by suppress-
ing oxidative stress and inflammatory reaction in the mouse 
MCAO model [12, 14, 43, 44]. In addition, EX-4 was shown 
to attenuate neuroinflammation and BBB disruption through 
the PI3K/Akt pathway in warfarin-associated HT after cere-
bral ischemia [45]. In this study, GLP-1R agonist EX-4 inhib-
ited MMP-9 activation, which may be due to the decrease in 
ROS level and reduction in the infiltration of leukocytes [46]. 
The Wnt/β-catenin pathway activated by EX-4 may suppress 
neuroinflammation by limiting the infiltration of leukocytes 
which are major sources of MMP-9 [47]. Decreased ROS 
level may reduce cell damage and the destruction of TJP, 
including ZO-1, occludin and claudin-5.

Fig. 7  Wnt/β-catenin signal-
ing pathway plays an impor-
tant role in the BMECs 
rtPA-induced OGD/R model 
in vitro. a Representative 
images of β-catenin and 
Claudin-5 expression detected 
by immunofluorescence 
(original magnification × 200). 
b, c Immunoblot images and 
quantitative data of the expres-
sion of p-β-catenin, β-catenin, 
and GSK-3β 24 h after MCAO 
(n = 4 in each group). Data 
are shown as mean ± SD 
and analyzed by one-way 
ANOVA. **p < 0.01 vs. sham 
group; ##p < 0.01 vs. vehicle 
group. + p < 0.05 between two 
groups, +  + p < 0.01 between 
two groups
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Fig. 8  EX-4 reduces rtPA-asso-
ciated MMP-9 activation in the 
BMECs OGD/R model in vitro. 
a Representative images of 
MMP-9 and Claudin-5 expres-
sion detected by immunofluo-
rescence in the BMECs OGD/R 
model in vitro (original magnifi-
cation × 200). b, c Immunoblot 
images and quantitative data of 
the expression of MMP-9 in the 
BMECs OGD/R model in vitro 
(n = 4 in each group). Data 
are shown as mean ± SD and 
analyzed by one-way ANOVA. 
**p < 0.01 vs. sham group; 
##p < 0.01 vs. vehicle group

Fig. 9  EX-4 reduces rtPA-
associated ROS production 
in BMECs 24 h after OGD/R 
in vitro. a Representative 
images of ROS expression 
detected by immunofluores-
cence in BMECs 24 h after 
OGD/R in vitro (original 
magnification × 200). b, c Flow 
cytometry analysis of ROS 
in BMECs 24 h after OGD/R 
in vitro. Bar graphs illustrate 
the quantitative analysis (n = 4 
in each group). Data are shown 
as mean ± SD and analyzed by 
one-way ANOVA. **p < 0.01 
vs. sham group; ##p < 0.01 vs. 
vehicle group
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Previous studies have shown possible mechanisms of 
HT with various treatment targets including MMP inhibi-
tion, ROS reduction, BMEC protection, and inflammation 
regulation [48–52]. The protection of the BBB plays an 
important role in decreasing the risk of HT after the rtPA 
treatment. The Wnt/β-catenin signaling pathway can par-
ticipate in regulating the induction and maintenance of BBB 
characteristics during embryonic and postnatal develop-
ment [5, 13]. GSK-3β, an evolutionarily conserved serine/
threonine protein kinase, can affect some transcription fac-
tors and signaling proteins and regulate the phosphoryla-
tion and degradation of β-catenin [53]. GSK-3β may regu-
late the Nrf2/ARE pathway and decrease oxidative stress 
in cerebral ischemia–reperfusion [45]. GSK-3β inhibition 
can reduce the BBB damage and early ischemia/reperfu-
sion injury in stroke [15, 54]. TWS119, a GSK-3β inhibitor, 
attenuates rtPA-induced HT by activating the Wnt/β-catenin 
pathway after AIS in rats [16]. Here, we discovered that 
EX-4 reduced GSK-3β expression to inhibit the degrada-
tion of β-catenin and activated the Wnt/β-catenin pathway. 
β-Catenin, a co-transcriptional factor, is the key factor of 
the Wnt/β-catenin pathway to form the APC-β-catenin com-
plex and β-catenin-TCF complex for regulating the down-
stream signaling pathway [55]. PRI-724 can suppress the 
Wnt/β-catenin signaling pathway by restraining the interac-
tion between β-catenin and CBP to inhibit the downstream 
effector pathways of β-catenin for reversing the protective 
effect of EX-4. With PRI-724 inhibiting combination with 
CBP and β-catenin, the accumulation of β-catenin facilitated 
rapid GSK-3β phosphorylation, which, in turn, promoted 
the β-catenin phosphorylation degradation process. This 
result further indicated that EX-4 can protect the integrity 
of the BBB via the Wnt/β-catenin pathway. The activation 
of the Wnt/β-catenin pathway may inhibit leukocyte infiltra-
tion and reduce rtPA-induced MMP-9 expression and ROS 
production, thereby reducing BBB tight-junction protein 

degradation and improving neurological outcomes. These 
findings have important clinical implications and may lead 
to new therapies for patients receiving rtPA thrombolytic 
therapy after AIS.

There are some limitations in our article. First, we used 
corresponding drugs to assess the effects of GLP-1R without 
knocking out or overexpressing the GLP-1R gene in vivo 
and in vitro. Second, the component of the BBB is com-
plex. We studied the effects of EX-4 mainly on microvas-
cular endothelial cells and intercellular junction proteins. 
Whether there are corresponding effects on astrocytes or 
pericyte deserves further study. Finally, the mechanism of 
the BBB disruption is very comprehensive in HT; microglial 
activation and inflammation also require further research.

Our study showed the effect of GLP-1R agonists on 
BBB in HT. Treatment with Ex-4 immediately is effective 
to decrease the occurrence of HT for patients receiving rtPA 
thrombolytic therapy after AIS. Clinical trials of rtPA in 
combination with GLP-1R agonists are needed to reduce the 
adverse effects of rtPA and protect the prognosis of patients.

Conclusions

Our study indicated that the GLP-1 agonist protected the 
brain against HT and alleviated the rtPA-induced BBB 
disruption in ischemic stroke through the Wnt/β-catenin 
signaling pathway. Our results showed that the activation 
of the Wnt/β-catenin signaling pathway provided a protec-
tive effect, which was reflected in reduced ROS levels and 
leukocyte infiltration, thereby inhibiting the rtPA-induced 
MMP-9 activity and tight-junction protein degradation in 
the rat MCAO model and in the BMEC OGD/R model 
in vitro. These findings have significant clinical implica-
tions and could potentially be developed into novel therapies 
for patients receiving thrombolytic therapy after AIS. Our 

Fig. 10  A summary diagram 
to show the mechanisms of HT 
after ischemic stroke treated by 
rtPA via Wnt/β-catenin signal-
ing pathway. I/R: ischemic/
reperfusion. rtPA: tissue-type 
plasminogen activator. ROS: 
reactive oxygen species. MMP-
9: matrix metalloproteinase-9. 
GSK-3β: glycogen synthase 
kinase-3β. ZO-1: zonula 
occludens-1
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results suggested that the GLP-1 agonist may be a potential 
strategy to reduce ischemia–reperfusion injury and rtPA-
induced HT via the Wnt/β-catenin signaling pathway.
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