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Abstract. Ischemic stroke is a refractory disease that seri‑
ously endangers human health and life. The main treatment 
aim of stroke is to alleviate brain injury. The present study 
aimed to investigate the effects and mechanisms of endo‑
thelial progenitor cell (EPC)‑derived exosomes in repairing 
ischemic brain injury. Sprague‑Dawley rat models of cerebral 
ischemia‑reperfusion (IR) injury were established by middle 
cerebral artery occlusion. The IR model rats were then treated 
with PBS, EPC or exosomes; untreated and Sham rats were 
used as control. EPCs were obtained from tibias and femurs, 
and exosomes were isolated from the EPCs and characterized. 
To measure brain injury, 2,3,5‑triphenyltetrazolium chloride 
staining was used to measure the infarct area, neurological 
deficit was scored, hematoxylin and eosin staining was used 
to examine pathological changes and TUNEL staining was 
used to quantify apoptosis. Immunofluorescence staining and 
reverse transcription‑quantitative PCR were used to determine 
CD31 and VEGF protein and mRNA expressions, respectively, 
and western blot analysis was used out to measure the protein 
expression levels of Wnt3a, GSK‑3β and phosphorylated 
(p)‑GSK‑3β. Compared with rats in the Control and Sham 
groups, in IR model rats the nerve fibers were slightly necrotic 
and swollen and the number of nerve cells was reduced. 
Following EPC treatment, the brain tissue exhibited mild 
liquefaction and degeneration in the small focus area with mild 
edema in the stroma. The numbers of nerve cells decreased, 
and the distribution of nerve cells was not very uniform; prolif‑
eration of glial cells was observed. Following treatment with 

exosomes, the distribution of nerve cells was more uniform 
with less degeneration and necrosis; the proliferation of glial 
cells was remarkable. Compared with the Control group, the 
infarct size, neurological defect score, percentage of apoptotic 
cells, expression of CD31, VEGF, Wnt3a, and p‑GSK‑3β were 
significantly higher in the IR model (P<0.05). After EPC 
and exosome treatments, the infarct size, neurological defect 
score, percentage of apoptotic cells, expression of Wnt3a, 
and p‑GSK‑3β were significantly reduced (P<0.05), whereas 
the mRNA and protein expression levels of CD31 and VEGF 
were significantly increased (P<0.05). Results from the present 
study demonstrated that EPC‑derived exosomes may alleviate 
ischemic injury by inhibiting apoptosis and promoting angio‑
genesis. These findings suggested that exosomes may have a 
protective role for nerve cells and may be a potentially effec‑
tive option for treating stroke. However, human clinical studies 
are needed to validate these findings from animals.

Introduction

Ischemic stroke is a refractory disease that can seriously 
harm human health and life. At present, the main treatment of 
stroke is to restore the blood supply to ischemic area as soon 
as possible to rescue dying neurons, glial cells and vascular 
endothelial cells (1). For acute ischemic stroke, the only effec‑
tive way to restore blood supply is to use thrombolysis drugs 
and endovascular therapy within 3‑4.5 h of the onset. This 
narrow treatment window and various complications, such 
as aneurysmal perforations induced by the microcatheter and 
thromboembolic events, also limit the use of endovascular 
therapy (2). How to effectively restore the blood supply in 
the ischemic brain tissue has become a key focus for stroke 
research  (3). Stem cell‑based therapy has been intensively 
applied to ischemic diseases. A number of previous studies 
have confirmed that the transplantation of stem cells can reduce 
tissue damage after ischemia and can promote the functional 
recovery of injured tissues (4‑6). Endothelial progenitor cells 
(EPCs) have been shown to promote angiogenesis in vitro 
and in vivo (7,8). However, there are always risks involved in 
stem cell transplantation, such as vascular embolism caused 
by transplanted cells, genetic variation of cells cultured 
repeatedly in vitro, and the possibility of tumorigenesis and 
teratogenesis. Recently, the transport function and mecha‑
nism of extracellular microbubbles have attracted increased 
attention in various disciplines (9). In a broad sense, there 
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are two extracellular vesicles: Exosomes and microvesicles. 
Microvesicles are ectosomes, or microparticles, a type of extra‑
cellular vesicle released from the cell membrane and are often 
uneven in size (diameter, ~1,000 nm). Exosomes are relatively 
uniform in size and form from the membrane of polyvesicles 
in the cell (10). Exosomes contain proteins, lipids, coding or 
non‑coding RNAs and other bioactive substances similar to the 
source cells, such as cytokines and growth factors, and serve 
an important role in regulating the physiological functions of 
cells (11). A number of previous studies have investigated the 
repair of tissue damage by stem cell‑derived exosomes. For 
example, the direct transplantation of exosomes secreted by 
stem cells into damaged tissues was reported to have a similar 
role in repairing tissue damage as that of transplanted stem 
cells (12). In addition, mesenchymal stem cell (MSC)‑derived 
exosomes can promote the regeneration of nerval blood vessels 
to enhance the recovery of nerve function  (13). In animal 
models of stoke and brain injury, MSC‑derived exosomes were 
shown to enhance the coordination ability of movement by a 
horizontal transfer of mRNA, improving post‑stroke neuro‑
regeneration and rescuing cognitive impairments (14‑16). In 
addition, EPC‑derived exosomes have exhibited anti‑apoptosis 
activity that promotes the proliferation and angiogenesis of 
endothelial cells (14) and the proliferation and differentiation 
of vascular endothelial cells (17). Sahoo et al (18) reported that 
the exosomes secreted by CD34+ stem cells promote prolifera‑
tion, migration and angiogenesis of endothelial cells in vitro. 
Therefore, stem cell‑derived exosomes may also serve a role in 
promoting cell regeneration and repair, and they may be used 
to replace stem cells for therapy, thus avoiding the immune 
rejection that may result from stem cell transplantation.

In the present study, stem cell‑derived exosomes were 
isolated and purified, and the effect and mechanism of repair 
on ischemia‑reperfusion (IR) brain injury were investigated in 
model rats. The findings may provide a new insight on alle‑
viating ischemic brain injury by EPCs and may facilitate the 
clinical translation of stem cell regenerative medicine.

Materials and methods

Animals. Male Sprague‑Dawley (SD) rats (n=35; weight, 
300  g; age, 9‑10  weeks), were purchased from Slykingda 
Experimental Animal [Hunan, China; permit no. scxk 
(Xiang) 2016‑0002]. Pregnant SD rats (n=3; weight 300 g; age, 
9‑10 weeks), were purchased from Tianqin Biotech [permit 
no. scxk (Xiang) 2016‑0217]. All animal experiments and 
animal care were conducted in accordance with the criteria of 
the Laboratory Animals Welfare Act, the Guide for the Care 
and Use of Laboratory Animals provided by the Institutional 
Animal Care and Use Committee of Nanchang University. All 
experimental protocols for the use of animals were approved by 
the Animal Care and Use Committee of Nanchang University 
(Nanchang, China). All rats were housed under pathogen‑free 
conditions at 30‑70% humidity and 26˚C and had access to 
standard rodent food and water ad libitum and maintained 
under a 12‑h light/dark cycle. Experiments were performed on 
rats between 7 and 10 weeks of age. Animals were euthanized 
after completion of the experiments and prior to tissue collec‑
tion by CO2 asphyxiation at a flow rate of 20% cage volume 
displacement/minute (5 l/min). Death after exposure to CO2 

was confirmed based on careful assessment of the rats for 
cardiac arrest.

Reagents and instruments. TUNEL assay kit (cat. no. C1088) 
was purchased from Beyotime Institute of Biotechnology. 
Rabbit antibodies against CD31 (cat. no. bs‑20321R; 1:1,000) 
and GSK‑3β (cat. no. bs‑0028R; 1:1,000) were obtained from 
BIOSS; rabbit antibody against VEGF (cat. no. AF5109; 1:1,000) 
was obtained from Affinity; mouse monoclonal antibodies 
against β‑actin (cat. no. TA‑09; 1:2,000); HRP‑conjugated 
goat anti‑mouse IgG (H + L; cat. no. ZB‑2305; 1:2,000) and 
HRP‑conjugated goat anti‑rabbit IgG (H + L; cat. no. ZB‑2301; 
1:2,000) were purchased from Zhongshan Golden Bridge 
Biotechnology Co., Ltd (OriGene Technologies, Inc.); rabbit 
polyclonal anti‑phosphorylated (p)‑GSK‑3β (cat. no. AF2016; 
1:500) was purchased from Affinity Biosciences, Ltd.; 
PVDF membrane (cat. no. IPVH00010) was purchased from 
MilliporeSigma; SuperSignal West Pico Chemiluminescent 
Substrate (cat. no. 34077) was obtained from Thermo Fisher 
Scientific, Inc.; Ultrasensitive Chemiluminescence Imaging 
system (ChemiDoc XRS+) and CFX Connect Real‑Time PCR 
Detection system were purchased from Bio‑Rad Laboratories, 
Inc. Ultrapure RNA Extraction kit (cat. no. CW0581M) was 
purchased from CWBIO; HiScript II Q RT SuperMix for qPCR 
(cat. no. R223‑01) was obtained from Vazyme; and Universal 
SYBR Green qPCR Master Mix was purchased from Applied 
Biosystems; Thermo Fisher Scientific, Inc.

EPC isolation. EPC isolation was performed as reported 
previously  (19). Briefly, 3‑day‑old neonatal SD rats (n=3) 
from the pregnant females were sacrificed by decapitation and 
sterilized by soaking in 75% ethanol for 5 min. The tibia and 
femur were isolated, and the attached muscles were removed. 
The tibia and femur were washed with PBS and the bone 
marrow was washed into a Petri dish. The bone marrow was 
repeatedly pipetted to form a single cell suspension, which was 
then carefully added to the surface of 4 ml mixture of Ficoll, 
hydroxyethyl starch 550 and meglumine diatrizoate (20) and 
centrifuged at 500 x g for 20 min at 25‑26˚C. The cells in 
the buffy coat fractions were collected, diluted with EBM‑2 
medium (cat. no. CC‑3156; Lonza Group, Ltd.) and pelleted 
at 500 x g at 25‑26˚C for 5 min. Cells were resuspended in 
EBM‑2 medium and cultured in 2% CO2 at 37˚C. The cells 
were then cultured in serum‑free EBM‑2 medium in a 2% CO2 
incubator at 37˚C for 48 h, collected and stored at ‑80˚C until 
exosome extraction. All operations were performed in laminar 
hoods to avoid microbial contamination.

Immunofluorescence assay. EPCs (104 cells/ml) were inocu‑
lated onto a microscope cover glass and cultured in EBM‑2 
medium in 2% CO2 at 37˚C until cells reached 90% conflu‑
ency. The slides were washed with PBS three times (3 min 
each), fixed at 25‑26˚C with 4% paraformaldehyde for 15 min 
and permeated with 0.5% Triton X‑100 (prepared in PBS) at 
room temperature for 20 min. The slides were then soaked in 
PBS for 5 min for three times (3 min each) at 25‑26˚C. Cells 
were blocked with 5% BSA (CoWin Biosciences) at 37˚C for 
30 min. Diluted primary rabbit anti‑coagulation factor VIII 
antibody (cat. no. bs‑2974R; BIOSS; 1:200) was added and 
the slides were incubated at 4˚C overnight. The slides were 
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subsequently incubated with Cy3‑conjugated goat anti‑rabbit 
IgG secondary antibody (1:200; cat  no.  S0011; Affinity 
Biosciences) at 37˚C for 30 min. The nuclei were stained with 
DAPI at 25‑26˚C for 1 h and the slides were examined under a 
fluorescence microscope.

Exosome extraction. EPCs were rapidly thawed at 37˚C and 
the supernatant was centrifuged at  2,000  x  g for 30  min 
at 4˚C. The supernatant was centrifuged again at 12,000 x g 
for 45 min at 4˚C to remove larger vesicles. The supernatant 
was then filtered through a membrane (0.45 µm pore size) 
and pelleted by centrifuging at 11,0000 x g for 70 min at 4˚C. 
The pellet was resuspended with 10 ml precooled 1X PBS. 
The exosome suspension was injected into a NanoFCM N30E 
nanoflow detector (Malvern Instruments, Ltd.) to determine 
the size distribution (diameter and number).

Transmission electron microscopy (TEM). EPCs were fixed 
in 2.5% glutaraldehyde at 25‑26˚C for 1 h. After washing in 
pre‑cooled PBS, the EPCs were dehydrated using ethanol 
and acetone, soaked in embedding solution overnight at room 
temperature and embedded in epoxy resin. Embedded cell 
blocks were cut into ultrathin sections (50‑nm) and stained 
with 2% uranyl acetate for 30 min at 25‑26˚C, and washed 
with water five times (10 sec each time). Then, the sections 
were stained with 1% lead citrate for 15 min at 25‑26˚C and 
washed five times (10 sec each time) before TEM at 80 kV.

IR model and treatment. A classical suture method was used 
to establish IR models (21). Briefly, rats were anesthetized by 
intraperitoneal injection of ketamine 100 mg/kg (Shanghai 
Hengrui Pharmaceutical Co., Ltd.) and xylazine 10 mg/kg 
(Hubei Xinmingtai Chemical Co., Ltd.). A smooth incision 
was made along the middle line of the neck to separate bluntly 
the left sternocleidomastoid muscles and cervical muscles 
and to expose the right common carotid artery. The carotid 
artery was separated at the trident point to expose internal 
and external carotid arteries. The proximal ends of the right 
common carotid artery and external carotid artery were 
ligated, and the internal carotid artery was clamped with a 
vascular clip. A small incision was made on the right common 
carotid artery 1 cm away from the trigeminal nerve. A mono‑
filament was introduced along the carotid artery into the brain 
to block the blood flow of the middle cerebral artery. After 
2 h embolization, the thread was withdrawn. Nerve function 
defect was evaluated 24 h after reperfusion and scored as 
follows: i) 0, no symptoms of nerve injury; ii) 1, incomplete 
extension of the left front paw; iii) 2, circling left; iv) 3, falling 
to the left; and v) 4, loss of consciousness and unable to walk 
autonomously (22).

The 35 male SD rats were randomly divided into five groups 
(n=7 rats/group): i) untreated rats (control); ii) sham operation 
without plus inserted (sham); iii) IR model rats injected with 
50 µl PBS (model); iv) model rats injected with 50 µl EPC cell 
suspensions at 6x106 cells/ml (model + EPC); v) and model rats 
injected with 50 µl exosome suspension at 0.6 µg/µl (model + 
exosome) once a day for 3 days. The dose of exosomes used 
was selected based on a previous study (23).

Three days before modelling, rats were anesthetized, fixed 
on a brain stereotaxic apparatus and a 1.5 cm longitudinal 

incision was made in the middle of the skin of the head. A 
skull drill was used to make a hole 0.22 mm posterior to and 
10 mm to the right side of the bregma; care was taken to avoid 
damaging the dura. A total of 50 µl suspension (aforemen‑
tioned) was administered using a microsyringe injector into 
the lateral ventricle below the surface of the skull. The needle 
was withdrawn slowly 5 min following injection, and the injec‑
tion site was sterilized twice with iodophor and sutured. The 
mice were then placed on a thermal pad and reared in the cage 
when the animals were awake from the anesthesia.

2,3,5‑triphenyltetrazolium chloride (TTC) staining. Rats were 
anesthetized as aforementioned and perfused with 20 ml PBS 
into the brain. The brain was dissected to isolate the cere‑
bellum, brain stem and olfactory bulb. The brain tissues were 
frozen at ‑20˚C for 30 min and the cerebellum and olfactory 
bulb were removed. The remaining brain tissue was sectioned 
(2 mm thick) and stained in 2% TTC dye solution in the dark 
at 37˚C for 15 min; during this period, the sections were turned 
over every 5 min. The infarcted area was gray‑white, and the 
non‑infarcted area was dark red.

Hematoxylin and eosin (H&E) staining. H&E staining 
was conducted to examine the tissue damage as previously 
described (24). Briefly, the brain tissue was dehydrated in an 
ascending series of ethanol (70, 80, 90 and 100%) at 25‑26˚C 
for 5  min at each concentration and cleared with xylene. 
Dehydrated tissue was embedded in paraffin, sectioned (4‑µm 
thick), dewaxed with xylene and rehydrated in a series of 
ethanol (100, 90, 80, 70, 50, 30 and 0%) at 25‑26˚C for 5 min 
at each concentration. The sections were stained with an 
aqueous hematoxylin solution at 25‑26˚C for 3 min, differ‑
entiated with hydrochloric acid for 15 sec, briefly washed 
with tap water at 25‑26˚C for 60 sec, and counterstained with 
eosin at 25‑26˚C for 3 min. Sections were washed in distilled 
water, dehydrated and cleared as previously described, then 
the sections were sealed and examined under a CX41 light 
microscope (Olympus Corporation) at x200 magnification to 
observe pathological changes, including the number of nerve 
cells and glial cells.

TUNEL assay. A TUNEL assay was used to detect apoptotic 
cells in the brain tissues as described previously (25). Briefly, 
brain tissue sections (4‑µm) were baked at  65˚C for 2  h, 
rehydrated in a descending ethanol series and treated with 
proteinase K (50 µg/ml) for 30 min at 37˚C. The sections 
were rinsed with PBS three times (5 min each) and incubated 
with TUNEL detection solution at 37˚C in the dark for 1 h, 
according to the supplier's protocols. The slide was then incu‑
bated with DAPI at room temperature in the dark for 3 min; 
the excess DAPI was rinsed away with PBS and the slide was 
blotted dry with absorbent paper. The slides were sealed with 
anti‑fluorescence quenching solution and observed under a 
CX41 fluorescence microscope (Olympus Corporation) in 
10 fields of view.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from the brain tissues using an RNA 
Extraction kit (Takara Bio, Inc.) according to the manufac‑
turer's instructions. RNA concentrations were quantified using 
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a Nanodrop spectrophotometer (NanoDrop Technologies; 
Thermo Fisher Scientific, Inc.) and subsequently reverse 
transcribed into cDNA using the High‑Capacity cDNA 
Transcriptase Reverse kit (Applied Biosystems; Thermo 
Fisher Scientific, Inc.) according to manufacturer's protocol. 
qPCR was conducted using the Universal SYBR Green qPCR 
Master Mix (Applied Biosystems; Thermo Fisher Scientific, 
Inc.) on a CFX96 Real‑Time PCR Detection System (Bio‑Rad 
Laboratories, Inc.) using the primers listed in Table I. Relative 
mRNA expression levels were determined using the 2‑ΔΔCq 
method after normalization with β‑actin as an internal refer‑
ence (26). qPCR was carried out in a total volume of 15 µl 
containing 1 µl of diluted and pre‑amplified cDNA, 10 µl 
Universal SYBR Green qPCR Master Mix and 1.5  µl of 
each forward and reverse primer. The thermocycling condi‑
tions were as follows: Initial denaturation at 95˚C for 10 min; 
followed by 40 cycles of 95˚C for 15 sec and 57˚C for 60 sec.

Immunofluorescence assays. Brain sections (4‑µm) were 
fixed at 25‑26˚C in 4% paraformaldehyde for 10‑15 min and 
rinsed three times with PBS (3 min each). The cells were 
cleared with 0.5% Triton X‑100 (in PBS) at room temperature 
for 20 min and washed with PBS three times (5 min each). 
After blocking with 5% BSA at 37˚C for 30 min, anti‑CD31 
antibody (1:1,000) was added and the plates were incubated 
overnight at 4˚C. The plates were then immersed in PBS three 
times (3 min each) and incubated with Cy3‑conjugated goat 
anti‑rabbit IgG (1:200; cat. no. CW0159S; CoWin Biosciences) 
at 25‑26˚C for 1 h. Subsequently, the slides were incubated with 
an anti‑VEGF antibody (1:1,000) at 25‑26˚C for 30 min and 
then incubated with diluted Alexa Fluor 488‑conjugated goat 
anti‑rabbit IgG (1:200; cat. no. ZF‑0511; Zhongshan Golden 
Bridge Biotechnology Co., Ltd; OriGene Technologies) 
at 37˚C for 45 min and counterstained with DAPI at 25‑26˚C in 
the dark for 5 min. Images were captured using a fluorescence 
microscope (Olympus Corporation).

Western blotting. Brain tissues (0.2 g) were lysed with RIPA 
buffer (Beijing Solarbio Science & Technology Co., Ltd.) 
containing protease inhibitors cocktail and quantitated 
using a BCA kit (CoWin Biosciences) according to the 
manufacturer's instructions. After denaturing by boiling 
at  100˚C for 5 min, 50 µg protein was separated by 10% 
SDS‑PAGE, transferred to PVDF membranes, blocked with 
5% non‑fat milk in 1X TBS‑0.1% Tween-20 buffer for 4 h at 

room temperature and then detected by incubation with the 
following primary antibodies (at the aformentioned dilutions) 
at  4˚C overnight: Mouse monoclonal anti‑β‑actin, rabbit 
polyclonal anti‑Wnt3α, rabbit polyclonal anti‑Gsk‑3β and 
rabbit polyclonal anti‑p‑Gsk‑3β. Subsequently, the membranes 
were incubated with HRP‑conjugated goat anti‑mouse IgG or 
HRP‑conjugated goat anti‑rabbit IgG secondary antibodies 
(at the aformentioned dilutions) at 25‑26˚C for 1 h. Protein 
bands were visualized using the SuperSignal West Pico 
Chemiluminescent Substrate (cat. no. 34077; Thermo Fisher 
Scientific, USA). Densitometric analysis was conducted using 
Quantity One software (version v4.6.6; Bio‑Rad Laboratories, 
Inc.) using β‑actin as the internal control.

Statistical analysis. Data are expressed as the mean  ±  stan‑
dard error of the mean obtained from at least three independent 
experiments. Statistical comparisons between groups were 
assessed using one‑way ANOVA with Tukey's post hoc tests. 
Ordinal data obtained for nerve defect scoring were analyzed 
using the Kruskal‑Wallis test followed by Dunn's post hoc 
tests. Statistical analysis was performed using SPSS 21.0 
software (IBM Corp.). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Characterization of EPCs and exosomes. Immunofluores 
cence results demonstrated that isolated EPCs had red fluo‑
rescence with a wavelength 640 nm emitted from factor VIII 
(Fig. 1A). TEM and nanoflow measurements confirmed that 
the isolated exosomes exhibited the cup‑like shape with double 
membranes (Fig. 1B) and were in the expected size range 
(30‑299 nm), with the majority of exosomes being 60‑80 nm 
in diameter (Fig. 2).

EPC and exosome treatment reduce infarcted area and nerve 
defects. Results from TTC staining revealed that the infarcted 
area increased significantly after IR modeling compared with 
the control and sham groups (Fig. 3A). EPC and exosome 
treatments significantly reduced the infarcted area compared 
with the untreated model group (Fig. 3A). Similarly, IR model‑
ling significantly increased nerve defects compared with the 
control (Fig. 3B); the EPC and exosome treatments significantly 
reduced the defect score (Fig. 3B), and the improvement was 
more notable with exosome than with EPC (P<0.05; Fig. 3B).

Table I. Primer sequences used for reverse transcription‑quantitative PCR.

Gene	 Primer sequence (5'‑3')	 Primer length, nt	 Amplicon size, bp	 Annealing temperature,˚C

VEGF	 F: AATTGAGACCCTGGTGGACA	 20	 246	 58.47
	R : CTATCTTTCTTTGGTCTGCATTCAC	 25		
CD31	 F: AGGTGACAGAAGGTGGGATT	 20	 299	 56.85
	R : CTGGATTTGAAACTTGGGTG	 20		
β‑actin	 F: GCCATGTACGTAGCCATCCA	 20	 375	 59.53
	R : GAACCGCTCATTGCCGATAG	 20		

F, forward; R, reverse; nt, nucleotide; bp, base pairs.
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EPC and exosome treatment reduce IR‑induced degeneration 
and necrosis of nerve cells. H&E staining revealed that in 
control and sham rats, the boundary of the cortex and gray 
matter of the brain was clear without edema and necrosis; 
the nerve cells were arranged orderly and evenly, the cell 
membrane was intact and there was a clear nucleus and nucle‑
olus (Fig. 4). In model group, the nerve fibers were slightly 
necrotic and swollen, the number of nerve cells was reduced 
and glial cells were proliferated. In the EPC‑treated rats, the 
brain tissue showed mild liquefaction and degeneration, mild 
edema in the stroma and decreased number of nerve cells 
which were distributed less evenly; glial cells were prolifer‑
ated. In the exosome‑treated rats, the distribution of nerve 
cells was more uniform, the degeneration and necrosis of cells 
were less intensive, and the proliferation of glial cells was 
remarkable (Fig. 4).

EPC and exosome treatments reduce IR‑induced apoptosis in 
nerve cells. The TUNEL assay results revealed that, compared 
with the control, the number of apoptotic cells was significantly 
increased after IR modelling (P<0.05; Fig. 5). Compared with 
the untreated model group, apoptosis was significantly decreased 
following EPC and exosome treatments (both P<0.05). Compared 
with EPC treatment, model rats treated with exosomes exhibited 
a significant reduction in apoptosis (P<0.05).

EPC and exosome treatments upregulate CD31 and VEGF 
expression. qPCR results revealed that the mRNA expres‑
sion levels of CD31 and VEGF were significantly increased 

after IR modelling compared with the control group (P<0.05; 
Fig. 6); the expressions were further upregulated following 
EPC and exosome treatments compared with the untreated 
model group (both P<0.05). Similarly, immunofluorescence 
assay results demonstrated that the protein expression levels of 
CD31 and VEGF were significantly increased after IR model‑
ling (P<0.05) compared with the control and sham groups, and 
they were further upregulated following EPC and exosome 
treatments (P<0.05), particularly with exosomes (P<0.05) 
(Fig. 7) compared with the model group.

EPC and exosome treatment downregulated Wnt3a and 
p‑GSK‑3 expression. Western blot analysis revealed that the 
protein expression levels of Wnt3a, GSK‑3β and p‑GSK‑3β 
were significantly increased after IR modelling (P<0.05) 
compared with the control and sham groups, and were 
significantly downregulated in model rats treated with EPCs 
or exosomes compared with the control and sham groups; 
no significant difference in the ratio of p‑GSK‑3β to GSK‑3β 
expression levels were detected (P>0.05) compared with the 
control and sham groups (Fig. 8). Exosome treatment resulted 
in a more marked downregulation compared with EPC 
treatment (P<0.05).

Discussion

Stroke is a common disease with high morbidity. It can be 
divided into hemorrhagic stroke and ischemic stroke, which is 
more common (27). To better understand ischemic cerebrovas‑
cular disease, it is very important to establish a relevant animal 
model for experimental investigation. In the present study, 
the classical suture method was used to occlude the middle 
cerebral artery to generate an IR model rat. The success of 
modelling was confirmed by the presence of infarcted area 
and reduced nerve defect score. Exosomes are extracellular 
vesicles with a diameter of 30‑100 nm and a double layered 
membrane; they contain a variety of bioactive substances such 
as proteins, lipids and nucleic acids  (28). Exosomes could 
stably exist in extracellular spaces and deliver proteins and 
RNA to the targeted cells to reprogram the recipient cells (29) 
and could play an important role in various physiological and 
pathological processes (30). In the present study, EPCs were 
isolated, and exosomes were extracted from the supernatant 
of EPCs. TEM revealed that the extraction of exosomes was 
successful, as the extracted exosomes exhibited the expected 
double membrane structure and size.

Figure 1. Characterization of EPCs and exosomes using immunofluorescence and TEM. (A) Immunofluorescence from EPCs. (B) TEM image demonstrating 
the morphology of exosomes. Scale bar, 100‑µm. EPC, endothelial progenitor cell; TEM, transmission electron microscopy.

Figure 2. Size distribution of isolated exosomes under transmission electron 
microscopy.
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A previous study reported that MSC‑derived exosomes 
could improve the recovery of neural function by promoting 
neurovascular regeneration  (13). Therapeutic effects of 
MSC‑derived exosomes have been confirmed in animal models 
of stroke and brain injury, resulting in significant improvements 
in motor coordination and space learning ability (14‑16). In 
addition, previous studies have demonstrated that EPC‑secreted 
exosomes promote the proliferation and vessel formation of 
endothelial cells (14), as well as the proliferation and differ‑
entiation of vascular endothelial cells through anti‑apoptotic 
effects (17). Bian et al (31) found that the exosomes from bone 
marrow MSCs promote angiogenesis in ischemic myocardium, 
reduce myocardial infarction area and improve cardiac function. 
Sahoo et al (18) also demonstrated that the exosomes secreted 

by CD34+ stem cells promote the proliferation, migration and 
vessel formation of endothelial cells in vitro.

CD31 is present on the surface of platelets, neutrophils, 
monocytes and certain types of T cells, as well as in the junc‑
tions between endothelial cells. It may be involved in leukocyte 
migration, angiogenesis and integrin activation (32,33). The 
expression of CD31 is significantly upregulated after cere‑
bral ischemia and is further increased after treatment with 
exosomes (19). The angiogenesis of endothelial cells is regu‑
lated by a number of angiogenic genes, including VEGF (17,34). 
VEGF is an important angiogenic factor that mediates the 
proliferation and migration of endothelial cells and maintains 
the survival of vascular endothelium after binding with kinase 
insert domain receptor in vascular endothelial cells  (35). 

Figure 3. TTC staining and evaluation of nerve defect following EPC and exosome treatment. (A) Representative images of TTC staining and comparison of 
infarcted areas between groups. (B) Nerve defect score. *P<0.05 vs. control and sham, #P<0.05 vs. model and @P<0.05 vs. EPC. EPC, endothelial progenitor 
cell; TTC, 2,3,5‑triphenyltetrazolium chloride.

Figure 4. Hematoxylin and eosin staining of brain nerve cells following EPC and exosome treatment. Red arrows, edema; black arows, glial cells; and and blue 
arrows, nerve cells. EPC, endothelial progenitor cell.
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EPCs usually exist in bone marrow. When peripheral tissues 
are damaged by ischemia and hypoxia, VEGF and other 
substances are produced in the injured tissues to mobilize 
and recruit EPCs to the ischemic and hypoxic tissues, where 
the EPCs are integrated into the blood vessels to promote the 
extension of the original blood vessels and to provide materials 
for angiogenesis by secreting a variety of angiogenesis‑related 
substances, such as VEGF  (36,37). As a consequence, 
angiogenesis and functional recovery of ischemic tissues are 
facilitated (38,39). Data from the present study demonstrated 
that the expression of CD31 and VEGF increased significantly 
after cerebral ischemia and further increased after EPC or 
exosome treatment, suggesting that one of the mechanisms 
underlying exosome‑mediated angiogenesis is to upregulate 

the expression of angiogenesis related‑genes and proteins in 
the endothelial cells, thus promoting angiogenesis.

Figure 5. TUNEL assays of brain nerve cells following in EPC and exosome treatment. Representative images of TUNEL staining (right) were used to count 
and compare the number of apoptotic cells (left). *P<0.05 vs. control and sham, #P<0.05 vs. model and @P<0.05 vs. EPC. EPC, endothelial progenitor cell.

Figure 6. Reverse transcription‑quantitative PCR detection of the mRNA 
expression levels of CD31 and VEGF in brain nerve cells following in EPC 
and exosome treatment. *P<0.05 vs. control and sham, #P<0.05 vs. model and 
@P<0.05 vs. EPC. EPC, endothelial progenitor cell.

Figure 7. Immunofluorescence assay of CD31 and VEGF protein expression 
levels in brain nerve cells following EPC and exosome treatment. *P<0.05 vs. 
control and sham, #P<0.05 vs. model and @P<0.05 vs. EPC. EPC, endothelial 
progenitor cell.
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The Wnt signaling pathway is a well‑known intracellular 
signaling pathway, which is highly conserved evolutionally. 
This pathway is involved in the proliferation, differentiation 
and axon formation of neural stem cells, and serves an impor‑
tant role in the formation and maintenance of the blood‑brain 
barrier, cerebral vascular regeneration and remodeling (40). 
A previous study demonstrated that Wnt signaling pathway 
serves an important role in injury repair and neurovascular 
remodeling following ischemic stroke  (41). It has been 
reported that treatment with the GSK‑3β inhibitor TWS119 
reduces neurological deficit score and increases brain edema, 
infarct volume and blood‑brain barrier damage as a result 
of Wnt signaling pathway activation (42). A previous study 
also found that the Wnt signaling pathway in rats is activated 
when ischemic stroke occurs (35). Activated Wnt signaling 
pathway is accompanied with increased GSK‑β phosphoryla‑
tion (43,44). The present study also revealed that the levels of 
Wnt3 and p‑GSK‑β were increased after cerebral ischemia. 
The levels of Wnt3 and p‑GSK‑β were downregulated in 
model rats treated with EPCs or exosomes, suggesting that 
EPC derived‑exosomes may be neuroprotective by inhibiting 
the expression of Wnt3 and phosphorylation of GSK‑β.

There are limitations to the present study. First, the 
therapeutic effects of EPC exosomes on ischemic stroke 
were investigated in vivo, but not in vitro. The dose of EPC 
exosomes has not been optimized since only a single dose 
was used in this study. Although EPC‑derived exosomes 

serve neuroprotective effects by inhibiting Wnt3 expression 
and GSK‑β phosphorylation, as well as promote angiogen‑
esis by upregulating the expression of angiogenesis‑related 
genes and proteins in endothelial cells (42), there is a lack of 
investigations on the mechanisms underlying its regulation. 
Moreover, microRNAs (miRNAs/miRs) in exosomes serve an 
important role in injury repair. For example, M1 macrophages 
are known to promote inflammation; on other hand, exosomes 
secreted from adipose‑derived stem cells rich in miR‑30d‑5p 
inhibited autophagy‑mediated polarization of microglia to M1, 
thereby preventing brain damage caused by inflammation (45). 
Therefore, it is worthy to screen miRNAs in EPC‑derived 
exosomes and to investigate their possible mechanisms. Since 
this study was focused on the Wnt/GSK‑β pathway, the down‑
stream effectors have not been investigated. Therefore, as these 
genes and proteins, such as downstream effectors, are likely 
to play role in the observed therapeutic effect, they should be 
investigated to further elucidate the therapeutic mechanisms 
and potential in attenuating IR‑induced damage. For example, 
Petherick et al (46) found that the accumulation of β‑catenin 
inhibited the p62/SQSTM1 promoter, leading to autophagy 
inhibition, and Chen et al (47) reported that TNFα inhibits 
osteogenic differentiation by inhibiting the Wnt/β‑catenin 
pathway, and subsequently inhibits autophagy. The use of 
autophagy inducers restores the TNFα‑mediated differen‑
tiation process and positively regulates the Wnt/β‑catenin 
pathway.

Figure 8. Western blot analysis of Wnt3a, GSK‑3β and p‑GSK‑3β protein expression levels in brain nerve cells following EPC and exosome treatment. *P<0.05 
vs. control and sham, #P<0.05 vs. model and @P<0.05 vs. EPC. EPC, endothelial progenitor cell; p, phosphorylated.
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In conclusion, the present study demonstrated that 
EPC‑derived exosomes reduced apoptosis and promoted 
angiogenesis, and may serve a protective role to nerve cells with 
IR‑induced damage. Therefore, exosomes may be considered as 
a potential therapeutic agent for stroke, although clinical studies 
in humans are required to validate these findings. Compared 
with other therapeutics, such as intravenous thrombolysis and 
endovascular mechanical thrombectomy, exosomes may target 
the recipient cells selectively due to expression of tissue‑specific 
antigens on the surface of exosome.
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