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Abstract: Background: Stem cell-released exosomes (EXs) have shown beneficial effects on re-
generative  diseases.  Our  previous  study  has  revealed  that  EXs  of  endothelial  progenitor  cells
(EPC-EXs) can elicit favorable effects on endothelial function. EXs may vary greatly in size, com-
position, and cargo uptake rate depending on the origins and stimulus; notably, EXs are promising
vehicles for delivering microRNAs (miRs). Since miR-210 is known to protect cerebral endothe-
lial cell mitochondria by reducing oxidative stress, here we study the effects of miR-210-loaded
EPC-EXs (miR210-EPC-EXs) on ischemic brain damage in acute ischemic stroke (IS).

Methods: The miR210-EPC-EXs were generated from EPCs transfected with miR-210 mimic.
Middle cerebral artery occlusion (MCAO) surgery was performed to induce acute IS in C57BL/6
mice. EPC-EXs or miR210-EPC-EXs were administrated via tail vein injection 2 hrs after IS. To
explore the potential mechanisms, inhibitors of the vascular endothelial growth factor receptor 2
(VEGFR2)/PI3 kinase (PI3K) or tyrosine receptor kinase B (TrkB)/PI3k pathways were used. The
brain tissue was collected after treatments for infarct size, cell apoptosis, oxidative stress, and pro-
tein expression (VEGFR2, TrkB) analyses on day two. The neurological deficit score (NDS) was
evaluated before collecting the samples.

Results: 1) As compared to EPC-EXs, miR210-EPC-EXs profoundly reduced the infarct volume
and improved the NDS on day two post-IS. 2) Fewer apoptosis cells were detected in the peri-in-
farct brain of mice treated with miR210-EPC-EXs than in EPC-EXs-treated mice. Meanwhile, the
oxidative stress was profoundly reduced by miR210-EPC-EXs. 3) The ratios of p-PI3k/PI3k, p-
VEGFR2/VEGFR2, and p-TrkB/TrkB in the ipsilateral brain were raised by miR210-EPC-EXs
treatment. These effects could be significantly blocked or partially inhibited by PI3k, VEGFR2, or
TrkB pathway inhibitors.

Conclusion: These findings suggest that miR210-EPC-EXs protect the brain from acute ischemi-
a-induced cell apoptosis and oxidative stress partially through the VEGFR2/PI3k and TrkB/PI3k
signal pathways.

Keywords: Exosomes, endothelial progenitor cells (EPCs), miR-210, acute ischemic stroke, oxidative stress, cell apoptosis.

1. INTRODUCTION
Ischemic  stroke  (IS)  remains  one  of  the  most  severe

health problems worldwide. For treating acute IS, thrombo-
lytic therapy is limited by a four-hour therapeutic time win-
dow. Interventional therapies, such as angioplasty and stent-
ing, have a high risk of re-stroke within the first year [1]. In-
creasing  evidence  suggests  that  stem  cell-based  therapy
could be a promising strategy for treating IS [2]. Liao et al.
have  revealed  that  EPCs  can  protect  the  neurons  from  is-
chemic  injury  by repairing secretory functions and vascular
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endothelium  [3].  Our  previous  studies  have  demonstrated
that transfusion of endothelial progenitor cells (EPCs) pro-
tects the brain from acute ischemic injury via cerebrovascu-
lar protection in a mouse IS model [4, 5].

Exosomes (EXs) are a type of extracellular vesicle that
has been recognized as a novel way of cell-cell communica-
tion by transferring their carried information, such as mR-
NAs and microRNAs (miRs) [6, 7]. EXs are also considered
an important player in the tissue “microenvironment” [8]. In-
creasing studies suggest that the benefits of stem cells such
as EPCs are ascribed to their released EXs [9]. Indeed, our
recent  study  reveals  that  EXs  from  EPCs  (EPC-EXs)  can
merge with brain cells and protect the brain against ischemi-
a-induced cell apoptosis, preserving cerebral blood flow in a
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diabetic  stroke  mouse  model  [10].  Among  the  molecules
that EXs carry, miRs show the most important role in regu-
lating cellular function [11, 12]. The function of EXs is high-
ly related to their carried molecules. Exosomal miRs are one
of the major executors of EXs via conveying the benefit of
one  cell  to  another  cell  [13].  For  instance,  the  exosomal
miR-126 has been shown to contribute to the therapeutic ef-
fects  of  EPC-EXs  in  IS  in  a  diabetic  mouse  stroke  model
[10]. The miR-126 is a positive regulator of angiogenesis for
endothelial cells (ECs) [14]. Overexpression of miR-126 in
ECs  could  enhance  vascular  endothelial  growth  factor  A
(VEGF-A) activity,  which activates the PI3 kinase (PI3K)
signaling to suppress cell apoptosis [15, 16].

It is known that miR-210 is a master hypoxamir [17]. It
is reported that miR-210 is involved in cell protection with
anti-apoptotic and anti-oxidant properties by reducing mito-
chondrial  reactive  oxygen  species  (ROS)  production
[18-20]. Our group has found that miR-210 could enhance
the  protective  effects  of  EPC-EXs  on  protecting  ECs  and
neurons  against  hypoxia-reoxygenation  injury  [21,  22],  as
well as boost the favorable effects of neural progenitor cells
derived EXs on angiotensin-II injured ECs [23]. However,
clinical studies found that the miR-210 level is significantly
decreased  in  stroke  patients  at  7  and  14  days  after  stroke
onset and that the circulating miR-210 level is positively re-
lated  to  the  outcome  of  stroke  patients  [24].  Zeng  et  al.
found that the overexpression of miR-210 could improve the
long-term  outcomes  after  focal  cerebral  ischemia  in  mice
[25]. All these findings suggest that miR-210 might be a ther-
apeutic target for treating IS.

Increasing  studies  indicate  that  the  functions  of  EXs
vary based on the origin of  cells,  their  cellular  status,  and
their cargo. EPC-EXs released under starvation or inflamma-
tion stimulation function differently on hypoxia/reoxygena-
tion-injured endothelial cells, which is related to their car-
ried miRs, such as miR-126 [26]. We have recently revealed
that exercise intervention can modulate the release and func-
tion  of  circulating  EPC-EXs  by  affecting  the  package  of
miR-126 [27, 28]. Some research groups utilize EXs as drug
carriers or biomaterials, providing a platform to enhance EX
bioavailability  and  maximize  EX  regenerative  capacity  in
vivo [29, 30]. In the present study, we aimed to investigate
whether  miR-210  priming  EPC-EXs  (miR210-EPC-EXs)
could exhibit enhanced effects on treating acute IS by com-
bining  the  beneficial  effects  of  EPC-EX  (miR-126)  and
miR-210.

2. MATERIALS AND METHODS

2.1. Preparation of miR-210-EPC-EXs
The EPCs (Celprogen, Torrance, CA) were cultured in

EPC complete growth medium with serum and antibiotics in
an incubator with 5% CO2 at 37°C as previously published
[21, 31]. To generate miR210-EPC-EXs, EPCs were trans-
fected with miR-210 mimics (1 nmol/L, Qiagen) using Dhar-

mafect 1 transfection reagent (Dharmacon) for 48 hours in
EPC complete growth medium, followed by another 48-hour
serum-free medium culture.  The culture medium was then
collected for EX isolation, as we reported [31, 32]. EXs re-
leased from non-transfected EPCs cultured in serum-free me-
dia served as control. The miR210-EPC-EXs and EPC-EXs
pellet were suspended with 100μl sterile-filtered phosphate
buffer saline (PBS) for Nanotracking Analysis (NTA) or in-
travenous injection.

2.2. Numeration of EPC-EXs by NTA
The concentration and size distribution of EXs were mea-

sured by the NS300 instrument (Nanosight, Amesbury, UK)
prior to administration into the experimental mice, as we pre-
viously described [26].

2.3. Animals
C57BL/6 J  mice (Male and Female (50%/50%),  10-12

weeks old) purchased from the Jackson Laboratory (Bar Har-
bor, ME, USA) were used in this study. All mice were main-
tained in a 22°C room with a 12 h light/dark cycle and fed
with  standard  chow  and  drinking  water  ad  libitum.  Body
weights were recorded weekly. The ovariectomy was not per-
formed upfront. All experimental procedures were approved
by the Marshall University Laboratory Animal Care and Use
Committee (LACUC) and followed the Guide for the Care
and Use of Laboratory Animals issued by the National Insti-
tutes of Health.

2.4. Middle Cerebral artery Occlusion (MCAO) Surgery
and Neurological Deficit Score (NDS) Evaluation

As we previously reported, the MCAO surgery was con-
ducted by inserting an intraluminal filament [4, 5]. Briefly,
mice were anesthetized by isoflurane (3-5% for induction,
2-2.5% isoflurane for maintenance), and the animal's body
temperature was maintained using a water-jacketed heating
pad. The left common carotid artery was exposed and ligat-
ed distal to the bifurcation. The left external carotid artery
was ligated and cut to expose the left internal carotid artery.
A  suture  was  placed  under  the  internal  carotid  artery  and
lightly lifted to prevent blood backflow from the head. Then,
a small incision was made on the common carotid artery be-
tween  the  ligation  and  carotid  bifurcation.  A  7-0  nylon
monofilament suture with a rounded head coated with po-
ly-l-lysine was inserted through the small incision and ad-
vanced into the internal carotid artery until resistance was de-
tected  (about  10  mm distal  to  the  bifurcation).  The  suture
was left in place with ligation for permanent MCAO. Pain
and discomfort  were minimized by injection of  Buprenor-
phine (3.25 mg/kg body weight, s.c) after the operation. The
neurological function of mice was evaluated by using the 5-
point scale one day before the surgery and two days after the
treatment. The five points are 0, normal motor function; 1,
flexion of the contralateral torso and forelimb upon lifting
the whole animal by the tail; 2, circling to the contralateral
side but normal posture at rest; 3, leaning to the contralateral



1166   Current Stem Cell Research & Therapy, 2024, Vol. 19, No. 8 Wang et al.

side at rest; 4, no spontaneous motor activity. The investiga-
tor who scored the neurologic behavior was blind to the ani-
mal grouping information.

2.5. Experimental Groups
Two hours after MCAO surgery, mice were randomly di-

vided  into  six  experimental  groups:  vehicle,  EPC-EXs,
miR-210-EPC-EXs,  miR-210-EPC-EXs  +  ly294002,
miR-210-EPC-EXs + su1498, miR-210-EPC-EXs + k252a.
Twelve mice were used for neurological deficit score analy-
sis in each group, and eight were used for each postmortem
analysis. The sample size was determined by following pre-
vious  publications.  The  miR-210-EPC-EXs  or  EPC-EXs
(1×1011  particles)  resuspended  with  100ul  sterile-filtered
PBS were intravenously injected via the caudal vein, as we
reported [10]. The pathway inhibitors ly294002 (PI3k inhibi-
tor;  10 mg/kg,  i.p.,  Cayman Chemical),  su1498 (VEGFR2
pathway inhibitor; 9 mg/kg, i.p, BioVision), and k252a [tyro-
sine receptor kinase B (TrkB) pathway inhibitor; 10 μg/kg/d,
i.p, BioVision] were used per previous reports [33-35]. The
pathway inhibitors were used to investigate if the underlying
mechanisms of the protective effects of miR-210 are related
to  the  VEGFR2/PI3k  and  TrkB/PI3k  pathways.  The  brain
samples were collected on day 2 to study the acute injury of
IS after treatment for different measurements.

2.6. Brain Sample Collection and Preparation
Mice  were  euthanized  48  hrs  after  treatment.  The  ani-

mals  were transcardially  perfused with PBS and 4% para-
formaldehyde (PFA) in PBS, pH 7.4. The brains were imme-
diately  collected  and  fixed  in  4%  PFA  overnight  and  4%
PFA plus 30% sucrose for three days. The brains were then
cut into coronal sections (20 μm) and sequentially put into
six  separate  wells  of  a  six-well  plate  containing  2  ml  of
PBS. Five serial sections spaced 300 um apart were selected
for  staining  to  represent  one  brain.  Frozen  sections  were
used with a cryostat (Leica).

2.7. Cerebral Infarct Volume Assesement
The cerebral injury was assessed by 2,3,5-Triphenyltetra-

zolium chloride (TTC) staining. TTC staining was conduct-
ed  to  evaluate  the  infarct  volume of  the  brain  on  day  two
post-MCAO. Images of all stained slices were captured us-
ing a flatbed scanner. The area of infarction was measured
by using Image J software.

2.8. In situ Apoptosis Detection in the Brain Tissue
The cellular apoptosis in the brain tissue was measured

by terminal deoxynucleotidyl transferase (TdT) dUTP Nick-
-End Labeling (TUNEL) assay kit (Roche, Switzerland) ac-
cording  to  the  manufacturer's  instructions.  In  brief,  brain
slices  (20  μm) were  mounted  on gelatin-coated  slides  and
permeabilized with 0.1% TritonX-100/0.1% sodium citrate
for 2 minutes. And then, the slides were washed and incubat-
ed with a freshly prepared TUNEL reaction mixture in an in-

cubator for 60 minutes at 37°C in the dark. Cell nuclei were
stained  with  4’,  6-diamidino-2  -phenylindole  (DAPI,  1
μg/mL; Wako Pure Chemical  Industries Ltd).  Tissue sam-
ples  were  examined  under  a  fluorescence  microscope
(Nikon,  Eclipse  E600).  An  average  of  five  brain  sections
spaced 300 um apart, from rostral to caudal, were selected to
represent one mouse. Randomly five microscopic areas were
counted in the peri-infarct area for every brain section. The
peri-infarct area was defined as the area approximately 200
um lateral from the infarct border by following the previous
publications [36, 37]. The apoptotic cell was determined as
the number of TUNEL-positive cells per field.

2.9. Intracellular ROS Generation in Brain Tissue
Dihydroethidium (DHE, Sigma-Aldrich) staining was ap-

plied to detect the intracellular ROS generation in the peri-in-
farct  brain  tissue  [21,  23].  DHE  is  a  superoxide  indicator
that, when oxidized primarily by superoxide, results in 2-hy-
droxy  ethidium.  The  brain  slices  (20-um  thickness)  were
probed with 50 μM DHE solution (in the dark) for 30 min-
utes at 37°C. The images were taken under a fluorescence
microscope (Nikon, Eclipse E600). An average of five brain
sections, from rostral to caudal, were selected to represent
one mouse. Randomly five microscopic areas were counted
for every brain slide. The fluorescence intensity of DHE was
analyzed using Image J (NIH).

2.10. MiR Level Measurement in the Brain
After the treatment, the levels of miR-210 and miR-126

in the ipsilateral brain tissue were determined by Real-time
PCR, as we previously published [21, 23]. Briefly, the total
RNAs were extracted from the brain tissue using the TRIzol
reagent,  and  the  RNA  concentration  was  measured  using
NanoDrop 2000 Spectrophotometer (Thermo Fisher Scienti-
fic). cDNA was synthesized using the PrimeScript RT rea-
gent kit (Takara Bio Inc.) following the manufacturer’s in-
structions.  qRT-PCR  was  carried  out  using  miR-210  and
miR-126  specific  primers  and  SYBR  Premix  Ex  Taq  kit
(Takara Bio Inc.) on a real-time PCR instrument (Bio-Rad).
RNA  U6  was  used  as  an  internal  control.  The  primers  of
miR-210: RT primer: 5’- GTC GTA TCC AGT GCA GGG
TCC  GAG  GTA  TTC  GCA  CTG  GATACG  AC  GAC
TGT-3’;  Forward  primer:  5’-  CAC GCA GTC GTA TCC
AGT  GCA  GG-3’;  Reverse  primer:  5′-CCA  GTG  CAG
GGT  CCG  AGG  TA-3′.  The  primers  of  miR-126:  RT
primer:  5’-  GTC  GTA  TCC  AGT  GCA  GGG  TCC  GAG
GTA TTC GCA CTG GATACG AC CGC ATT -3’;  For-
ward  primer:  5’-  AGG  CGC  TCG  TAC  CGT  GAG  TAA
TA  -  3’;  Reverse  primer:  5′-CCA  GTG  CAG  GGT  CCG
AGG TA-3′. The primers of U6: 5’-CTCGCTTCGGCAG-
CACA-3’  (forward);  5’-AACGCTTCACGAATTT-
GCGT-3’  (reverse).  The  expressions  of  miR-210  and
miR-126  were  normalized  to  U6  and  calculated  using  the
2−ΔΔCT method.
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2.11. Analyses of Angiogenic and Neurotrophic Factors
in the Brain

The  proteins  were  extracted  from  the  brain  tissue  and
quantified by a BCA protein assay. The levels of VEGF and
brain-derived neurotrophic factor (BDNF) in the tissue sam-
ples were measured by using ELISA kits (VEGF: Abcam;
BDNF: MyBioSource) according to the manufacturer's  in-
structions. The data were normalized and expressed as a fold
of the level in the vehicle group.

2.12. Western Blot Analysis
The  proteins  of  brain  tissues  (stroke  area)  in  different

treatment groups were extracted with cell lysis buffer (Ther-
mo Fisher Scientific). The protein lysates (35 μg) were elec-
trophoresed, transferred onto PVDF membranes, and incu-
bated  with  primary  antibody  against  PI3k  (1:100;  Invitro-
gen), p-PI3k (1:500; Invitrogen), p-VEGFR2 (1:1000; Ab-
cam), VEGFR2 (1:1000; Abcam), p-TrkB (1:1000; Abcam),
TrkB  (1:1000;  Abcam),  β-actin  (1:4000;  Sigma)  at  4°C
overnight. Then all membranes were washed and incubated
with horseradish-peroxidase-conjugated anti-rabbit or anti-
mouse IgG (1:40000; Jackson Immuno Research Lab) for 2
hr  at  room  temperature.  Blots  were  developed  with  en-
hanced  chemiluminescence  developing  solutions,  and  im-
ages were quantified under ImageJ software.

2.13. Statistical Analysis
The neurological  deficit  scores  were  expressed  as  me-

dian (range). The neurological deficit scores among differ-
ent groups were compared by a Kruskal-Wallis test. When
the Kruskal-Wallis test showed a significant difference, the
Mann-Whitney U tests were applied as a post hoc test. All
other data are presented as mean ± SD. Two group compari-
son  was  analyzed  by  student  t-test.  Multiple  comparisons

were  analyzed  by  two-way  ANOVA  (SPSS  version  16.0;
SPSS, Chicago, IL, USA) followed by the Tukey test. For
all tests, a P-value <0.05 was considered significant.

3. RESULTS

3.1.  The  levels  of  miR-210  and  miR-126,  as  Well  as
VEGF and BDNF Levels, were Up-regulated by miR210-
EPC-EXs in the Ipsilateral Brain of C57BL/6 J Mice on
Day 2 after IS Onset

To  determine  whether  the  miR210-EPC-EX  infusion
could affect the levels of miR-210 and miR-126 in the brain
tissue, we extracted the total RNAs from the ipsilateral brain
samples and analyzed the miR level. As shown in Figs. (1A,
B),  EPC-EX  or  miR210-EPC-EX  infusion  raised  the
miR-126 level in the ipsilateral brain compared to that in the
vehicle group (p < 0.05, vs. vehicle). The miR-210 level was
increased by miR210-EPC-EX infusion (p < 0.05, vs. vehi-
cle or EPC-EXs), while no significant difference in miR-210
expression was observed between the vehicle and EPC-EX
infusion group (p>0.05).

Regarding  the  growth  factor  levels,  we  focused  on
VEGF  and  BDNF  in  the  brain  tissue.  As  revealed  by  the
ELISA assay (Figs. 1C, D), the levels of VEGF and BDNF
were also increased by EPC-EX or miR210-EPC-EX infu-
sion (p < 0.05, vs. vehicle).

3.2. miR210-EPC-EXs Significantly Reduced the Infarct
Volume and Improved the Neurological Deficit Score in
C57BL/6 J Mice on Day 2 after IS Onset

As previously reported [5], the brain tissue was collected
and  stained  with  TTC  two  days  after  the  treatment.  As
shown in  Figs. (2A, B),  the  white  area  indicates  cerebral
infarcted  tissue.  As  compared  to  the  vehicle   group   (no

Fig. (1). The levels of miR-126, miR-210, VEGF, and BDNF in the ipsilateral brain tissue on day 2 following MCAO. (A, B) Summarized
data for miR-126 and miR-210 levels in the ipsilateral brain tissue. C-D, summarized data on VEGF and BDNF levels in the brain tissue in
different treatment groups. *p < 0.05, vs. vehicle; +p < 0.05, vs. EPC-EXs. n = 8 per group. (A higher resolution / colour version of this figure
is available in the electronic copy of the article).
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Fig. (2). miR-210-EPC-EXs are more effective in reducing infarct volume on day 2 following MCAO. (A) Representative TTC staining im-
ages show the infarcted brain tissue (white area) in different treatment groups; (B) Summarized data of the infarct volume; n = 8 per group.
(C) Summarized data of the NDS in different treatment groups; n = 12 per group. *p < 0.05, vs. vehicle; +p < 0.05, vs. EPC-EXs; &p < 0.05,
vs. miR210-EPC-EXs. (A higher resolution / colour version of this figure is available in the electronic copy of the article).

treatment; PBS only), EPC-EXs infusion decreased the in-
farct size (by ~ 21.4%), which was further reduced by the
miR210-EPC-EXs  treatment  (by  ~  53.5%).  Pre-treatment
with  PI3k inhibitor  ly294002 significantly  blocked the  ef-
fects induced by miR210-EPC-EXs, while VEGFRs inhibi-
tor su1498 and TrkB inhibitor k252a partially blocked the ef-
fects. Together these data suggest that the protective effects
exhibited by miR210-EPC-EXs were modulated by the VEG-
FR2/PI3k and TrkB/PI3k signal pathways.

To  determine  the  neurological  function,  we  conducted
the neurological deficit score analysis. Our data showed that
EPC-EXs treatment significantly alleviated the neurological
deficit in the C57BL/6 J mice on day 2 after IS onset (p <
0.05, vs.  vehicle), which was further profoundly improved
by miR210-EPC-EXs (p < 0.05, vs. EPC-EXs). PI3k inhibi-
tor ly294002 diminished the improved neurological deficit
function  elicited  by  miR210-EPC-EXs  (p  <  0.05,  vs.
miR210-EPC-EXs),  while  su1498  (p  <  0.05,  vs.  miR210-
EPC-EXs) and k252a (p < 0.05, vs. miR210-EPC-EXs) par-
tially reduced the effects, indicating that the VEGFR2/PI3k
and TrkB/PI3k signal pathways are responsible for the pro-
tective effects of miR210-EPC-EXs.

3.3. miR210-EPC-EXs Remarkably Alleviated Cell Apop-
tosis in the Peri-infarct Brain Tissue of C57BL/6 J Mice
on Day 2 after IS Onset

Cell loss in the ipsilateral brain in the acute IS stage was
assessed  by  Tunnel  staining.  As  shown  in  Fig.  (3),  there
were a greater number of Tunnel+ cells (168 ± 15 Tunnel+
cells/field)  in  the  ipsilateral  cerebral  tissue  in  the  vehicle

mice. EPC-EXs treatment significantly reduced the number
of Tunnel+ cells (135 ± 10 Tunnel+ cells/field, p < 0.05 vs.
vehicle) in the ipsilateral brain, and miR210-EPC-EXs fur-
ther enhanced the anti-apoptotic effect of EPC-EXs (72 ± 6
Tunnel+  cells/field,  p  <  0.05  vs.  EPC-EXs).  Blocking  the
PI3k pathway with the pathway-specific inhibitor ly294002
abolished  (164  ±  14  Tunnel+  cells/field,  p  <  0.05  vs.
miR210-EPC-EXs),  whereas  VEGFR2  or  TrkB  inhibitors
partially  blocked  the  anti-apoptotic  role  of  miR210-EPC-
EXs in C57BL/6 J mice in the acute phase of IS as revealed
by  a  decreased  number  of  Tunnel+  cells  (86  ±  7  Tunnel+
cells/field  for  su1458,  and  89  ±  8  Tunnel+  cells/field  for
k252a, p < 0.05 vs. vehicle or EPC-EXs).

3.4. miR210-EPC-EXs Alleviated Oxidative Stress in the
Peri-infarct Area of C57BL/6 J Mice on Day 2 after IS
Onset

Elevated intracellular ROS levels are one of the most im-
portant factors for cell injury. To evaluate whether miR210-
EPC-EXs have potential effects on oxidative stress, we ana-
lyzed the ROS level in the peri-infarct area on day 2 after
the treatment. We found that (Fig. 4) ROS overproduction
was  significantly  lower  than  that  in  mice  treated  by  EPC-
EXs  (p  <  0.05,  vs.  vehicle).  The  miR210-EPC-EXs  treat-
ment had a better effect on reducing ROS overproduction in
the ipsilateral brain than EPC-EXs had (p < 0.05, vs. EPC-
EXs). Such anti-oxidative effect was blocked by the PI3k in-
hibitor, ly294002 (p < 0.05, vs. miR210-EPC-EXs), and was
partially  diminished  by  the  VEGFR2  or  TrkB  inhibitors,
su1498 and k252a (p < 0.05, vs. vehicle or EPC-EXs).
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Fig. (3). miR-210-EPC-EXs is more effective in alleviating cell apoptosis in the peri-infarct brain tissue on day 2 following MCAO. (A) Rep-
resentative images showing the Tunnel + cells in the cerebral tissue. Green: Tunnel+ cells; Blue: DAPI; Scale bars: 100 um for the upper pan-
el and 25 um for the bottom panel. (B) Summarized data for the Tunnel+ cells in each field. *p < 0.05, vs. vehicle; +p < 0.05, vs. EPC-EXs;
&p < 0.05, vs. miR210-EPC-EXs. n = 8 per group. (A higher resolution / colour version of this figure is available in the electronic copy of the
article).

Fig. (4). miR-210-EPC-EXs effectively reduce ROS overproduction in the peri-infarct area on day 2 following MCAO. (A) Representative
images showing the ROS signals revealed by red fluorescence in the cerebral tissue. Scale bars: 40 um; (B) Summarized data for ROS. *p <
0.05, vs. vehicle; +p < 0.05, vs. EPC-EXs; &p < 0.05, vs. miR210-EPC-EXs. n = 8 per group. (A higher resolution / colour version of this fig-
ure is available in the electronic copy of the article).

3.5.  The  Ratios  of  p-PI3k/PI3k,  p-VEGFR2/VEGFRs,
and p-TrkB/TrkB were Up-regulated by miR210-EPC-
EXs in the Peri-infarct Area of C57BL/6 J Mice on Day 2
after IS Onset

The protein expression of PI3k, VEGFR2, and TrkB and
their phosphorylation phenotypes in the ipsilateral brain tis-
sue were analyzed by Western Blot. The data showed that p-
PI3k/PI3k was elevated by EPC-EXs and miR210-EPC-EXs
compared to the vehicle group (p < 0.05; Fig. 5A). The latter
had even better efficacy in raising the ratio of p-PI3k/PI3k

(p < 0.05, vs. EPC-EXs or vehicle). As expected, ly294002
significantly blocked the phosphorylation of PI3k (p < 0.05,
vs. miR210-EPC-EXs). Meanwhile, we found that miR210-
EPC-EXs significantly upregulated the expression ratios of
p-VEGFR2/VEGFRs and p-TrkB/TrkB (p < 0.05, vs. EPC-
EXs or vehicle). su1498 exhibited partially block effects on
the phosphorylation of VEGFR2 and k252a diminished the
expression  of  p-TrkB  induced  by  miR210-EPC-EXs  (p  <
0.05,  vs.  miR210-EPC-EXs;  Figs.  5B,  C).  These  data
suggest that the PI3k/VEGFR2 and TrkB pathways are in-
volved in the favorable effects of miR210-EPC-EXs.
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Fig. (5). The ratios of p-PI3k/PI3k, p-VEGFR2/VEGFR2, and p-TrkB/TrkB in the ipsilateral brain tissue on day 2 following MCAO. (A-C)
Representative bands, and summarized data showing the expressions of p-PI3K/PI3k, p-VEGFR2/VEGFR2, and p-TrkB/TrkB in different
treatment groups. *p < 0.05, vs. vehicle; +p < 0.05, vs. EPC-EXs; &p < 0.05, vs. miR210-EPC-EXs. n = 8 per group. (A higher resolution /
colour version of this figure is available in the electronic copy of the article).

4. DISCUSSION
In the present  study,  we investigated the beneficial  ef-

fects of miR210-EPC-EXs on protecting the brain against is-
chemia injury by improving neurological deficit function, re-
ducing apoptosis, and alleviating oxidative stress. We also
found that the VEGFR2/PI3k and TrkB/PI3k signaling path-
ways were responsible for the observed favorable effects of
miR210-EPC-EXs.

According to the Minimal information for studies of ex-
tracellular vesicles 2018 (MISEV 2018), ultracentrifuge and
filtration could be used to isolate the EXs. The method we
used in the present study, including filtration and serial cen-
trifuge with ultracentrifuge, has been published as an estab-
lished method to isolate and identify EXs [32, 38]. The size
of the isolated EXs is between 100 nm to 200 nm. The spe-
cific  markers  (CD63,  CD9,  Tsg101,  etc.)  were  also  con-
firmed in the isolated EXs [32, 38]. Stem cell-released EXs
have been reported to provide beneficial effects in regenera-
tive medicine and neurological disorders [39-41]. Previous
studies have shown that mesenchymal stem cells (MSCs) re-
leased EXs promote functional recovery and neurovascular
plasticity  and regulate  axon outgrowth  after  stroke  in  ani-
mals  [42,  43].  The  potential  role  of  stem  cell  EXs  in  the
brain “microenvironment” manifests in several aspects, such
as the protection of brain cells (neurons and endothelial cell-
s),  maintenance  of  blood-brain  barrier  (BBB)  hemostasis,
and tissue repair (angiogenesis and neurogenesis). In the pre-
sent study, we focus on the EPC-EXs since Ma et al. found
that EPC-EXs can protect ECs from hypoxia and reoxygena-
tion injury by improving mitochondrial  functionality  [21].
The  protective  effects  of  EPC-EXs  could  be  attributed  to
their  released  factors  or  their  carried  cargoes,  including
miRs and proteins [27, 44]. For example, a previous study
discovered the contents of EPC-EXs by using next-genera-
tion  sequencing  and  found  abundant  miR-126  [44].  EPC-

EXs were found to prevent microvascular dysfunction and
improve sepsis outcomes potentially through the delivery of
miR-126 [44]. Our previous studies further confirmed the en-
dogenous contents  of  miR-126 in EPC-EXs,  which subse-
quentially provide beneficial effects on endothelial dysfunc-
tion and promote angiogenesis [27]. Taken together, EPC-
EXs could be a potential therapeutic target for ischemia in-
jury.

More importantly, EPC-EXs could function as a vehicle
to transfer their carried miRs to the brain and exert protec-
tive function [10]. The protective effects of EPC-EXs could
be  attributed  to  their  released  factors  or  their  carried  car-
goes, including miRs and proteins [31, 45-47]. By taking ad-
vantage of EPC-EXs in protecting ischemic brain cells and
of  miR-210  in  reducing  cell  apoptosis  and  ROS,  we  con-
structed  miR210-loaded  EPC-EXs  by  transfecting  EPCs
with miR-210 mimic and studied the enhanced protective ef-
fects of infusion of miR-210-EPC-EXs on acute IS. The in-
travenous injection was used to introduce the miR210-load-
ed EPC-EXs to the C57BL/6 mice, which is a normal animal
model  widely  used  for  medical  research.  Previous  studies
have  shown  that  intravenously  injected  EXs  could  be
tracked in the liver, lung, spleen, and kidney [48, 49]. Our
previous study has demonstrated that the injected EXs could
cross BBB and merge with the brain ECs, neurons, and astro-
cytes  [10].  To  illustrate  whether  the  profound  effects  of
miR210-EPC-EXs  are  related  to  their  carried  endogenous
miR-126  and  exogenously  loaded  miR-210,  we  measured
the  miR-210  and  other  EPC  exosomal  miRs,  such  as
miR-126 levels in the ipsilateral brain. The results showed
that the miR-210 level was remarkably up-regulated in the
brain  tissue  of  mice  that  received  miR210-EPC-EXs infu-
sion.  Meanwhile,  the  miR-126  level  was  also  elevated  in
both treatment groups, which is consistent with the findings
in diabetic stroke mice showing that EPC-EXs infusion can
raise miR-126 expression in the brain tissue [10]. Together
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these data suggest that miR210-EPC-EXs infusion can con-
vey miR-210 and miR-126 into the brain cells.

For  the  functional  outcome  evaluation,  we  found  that
EPC-EXs could reduce cerebral infarct volume and improve
sensorimotor function. These protective effects are similar
to the effects that MSC-EXs provided in the previous studies
[42, 43]. Moreover, we found that miR210-EPC-EXs exhibit-
ed  a  higher  efficiency than EPC-EXs.  Meanwhile,  we ob-
served that the cell apoptosis and oxidative stress significant-
ly  decreased  in  the  peri-infarct  area  of  miR210-EPC-EXs
treated mice than in mice receiving EPC-EXs treatment. Th-
ese findings indicate that the therapeutic effects of miR210-
EPC-EXs in protecting the brain against ischemia injury in
the acute phase were better than EPC-EXs. This agrees with
previous reports showing that miR-210 could enhance the fa-
vorable  effects  of  progenitor  cell  exosomes  in  protecting
cells against hypoxia or hypertension risk factor-induced in-
jury [21, 23].

To  further  reveal  the  downstream  signals  related  to
miR-210 and miR-126,  we first  measured the  levels  of  li-
gands  such  as  VEGF  and  BDNF,  two  important  neu-
rotrophins  for  brain  tissue  function.  We  found  that  both
VEGF and BDNF expressions were elevated in mice ipsilat-
eral  brains  receiving miR210-EPC-EXs or  EPC-EXs infu-
sion. As revealed by previous studies, the VEGF/VEGFR2
and BDNF/TrkB signaling pathways participate in regulat-
ing a wide variety of brain cell functions, such as cell survi-
val and neurovascular regeneration [50], the outgrowth of ax-
ons and dendrites, synaptogenesis, etc [51]. Given the raised
levels of VEGF and BDNF, the underlying mechanisms for
the protective effects of miR210-EPC-EXs could be related
to VEGF/VEGFR2 and BDNF/TrkB signaling pathways. To
test this hypothesis, we applied the PI3k and relative VEG-
FR2  and  TrkB  pathway  inhibitors  in  some  experimental
mice  before  treatment.  We  found  that  the  PI3k  inhibitor
ly294002 completely blocked the effects  of  miR210-EPC-
EXs on the acute stroke brain as indicated by enlarged in-
farct volume, a higher rate of Tunnel+ cells, and ROS over-
production in the peri-infarct area. Meanwhile, the phospho-
rylation  of  PI3k has  significantly  reduced in  mice  that  re-
ceived ly294002 and miR210-EPC-EXs. This data suggests
that  the  PI3k  signal  is  a  significant  signaling  pathway  for
miR210-EPC-EXs.  In  addition,  our  data  revealed  that  the
phosphorylation of VEGFR2 and TrkB was significantly de-
creased in mice that received miR210-EPC-EXs combined
with VEGFR2 inhibitor su1498 or TrkB inhibitor su252a, in-
dicating that miR-210 loading can enhance the protective ef-
fects of EPC-EXs through the VEGFR2/PI3k and TrkB/PI3k
pathways.

CONCLUSION AND LIMITATIONS
In summary, our study demonstrates that the infusion of

miR210-EPC-EXs exhibited enhanced therapeutic effects in
protecting the brain against acute ischemic stroke by reduc-
ing infarct volume and cell apoptosis and alleviating oxida-

tive stress, thereby improving the neurological deficit func-
tion.  Such  effects  might  be  ascribed  to  the  exosomal
miR-210,  and  miR-126  activated  VEGFR2/PI3k  and  Trk-
B/PI3k signal pathways. However, more studies are needed
to address direct upstream or downstream relationships be-
tween miR210-EPC-EXs and the pathway inhibitors since th-
ese inhibitors can also exert direct effects on hypoxia-related
injuries.  In  addition,  the  effects  of  EPC-EX-miR210  on
long-term functional recovery in ischemic stroke are under
investigation, which will provide more evidence to support
the protective effects of EPC-EX-miR210 in brain ischemia
injury.
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LIST OF ABBREVIATIONS

BBB = Blood-Brain Barrier

BDNF = Brain-Derived Neurotrophic Factor

DAPI = 4’, 6-Diamidino-2-Phenylindole

DHE = Dihydroethidium

ECs = Endothelial Cells

EPC-EXs = Endothelial  Progenitor  Cell-Re-
leased  Exosomes

EPCs = Endothelial Progenitor Cells

EXs = Exosomes

IS = Ischemic Stroke

MCAO = Middle Cerebral Artery Occlusion

miR = microRNA

miR210-EPC-EXs = miR-210-Loaded EPC-EXs

MSCs = Mesenchymal Stem Cells

NDS = Neurological Deficit Score

NTA = Nanotracking Analysis

PBS = Phosphate Buffer Saline

PFA = Paraformaldehyde

PI3K = PI3 Kinase

ROS = Reactive Oxygen Species

TdT = Terminal  Deoxynucleotidyl  Trans-
ferase

TrkB = Tyrosine Receptor Kinase B

TTC = 2,3,5-Triphenyltetrazolium Chloride
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TUNEL = dUTP Nick-End Labeling

VEGF-A = Vascular Endothelial Growth Factor
A

ETHICS APPROVAL AND CONSENT TO PARTICI-
PATE

All the animal experimental procedures were approved
by the Marshall University Laboratory Animal Care and Use
Committee (LACUC). The animal protocol (760), “The im-
plication of exosomes in cerebrovascular disease”, was ap-
proved on February 1, 2021, by Marshall University Labora-
tory Animal Care and Use Committee.

HUMAN AND ANIMAL RIGHTS
All the animal experimental procedures were performed

according to the guideline of care and use of laboratory Ani-
mals issued by the National Institute.

CONSENT FOR PUBLICATION
All the authors have approved the manuscript for publica-

tion.

AVAILABILITY OF DATA AND MATERIALS
The  datasets  used  and/or  analyzed  during  the  current

study with the corresponding author and will be provided up-
on reasonable request.

FUNDING
This  work  was  supported  by  the  National  Institute  of

Neurological  Disorders  and  Stroke  (1R01NS102720),  the
West  Virginia  Clinical  and  Translational  Science  Institute
(WV-CTSI) grant (National Institute of General Medical Sci-
ences,  U54GM104942),  and the  West  Virginia  IDeA Net-
work  of  Biomedical  Research  Excellence  (WV-INBRE)
grant (P20GM103434). The funding body played no role in
the design of the study, in the collection, analysis, and inter-
pretation of data, and in the writing of the manuscript.

CONFLICT OF INTEREST
The authors declare no conflict of interest, financial or

otherwise.

ACKNOWLEDGEMENTS
Declared none.

REFERENCES

Chimowitz MI, Lynn MJ, Derdeyn CP, et al. Stenting versus ag-[1]
gressive medical therapy for intracranial arterial stenosis. N Engl J
Med 2011; 365(11): 993-1003.
http://dx.doi.org/10.1056/NEJMoa1105335 PMID: 21899409
Gervois P, Wolfs E, Ratajczak J, et al. Stem cell based therapies[2]
for ischemic stroke: Preclinical results and the potential of imag-
ing assisted  evaluation  of  donor  cell  fate  and  mechanisms  of
brain regeneration. Med Res Rev 2016; 36(6): 1080-126.
http://dx.doi.org/10.1002/med.21400 PMID: 27439773
Liao S, Luo C, Cao B, et al. Endothelial progenitor cells for is-[3]
chemic  stroke:  Update  on  basic  research  and  application.  Stem

Cells Int 2017; 2017: 1-12.
http://dx.doi.org/10.1155/2017/2193432 PMID: 28900446
Chen J, Xiao X, Chen S, et al. Angiotensin-converting enzyme 2[4]
priming enhances the function of endothelial progenitor cells and
their therapeutic efficacy. Hypertension 2013; 61(3): 681-9.
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.00202
PMID: 23266545
Chen J, Chen J, Chen S, et al. Transfusion of CXCR4-primed en-[5]
dothelial progenitor cells reduces cerebral ischemic damage and
promotes repair in db/db diabetic mice. PLoS One 2012; 7(11):
e50105.
http://dx.doi.org/10.1371/journal.pone.0050105 PMID: 23185548
Valadi H, Ekström K, Bossios A, Sjöstrand M, Lee JJ, Lötvall JO.[6]
Exosome-mediated transfer of mRNAs and microRNAs is a novel
mechanism  of  genetic  exchange  between  cells.  Nat  Cell  Biol
2007; 9(6): 654-9.
http://dx.doi.org/10.1038/ncb1596 PMID: 17486113
Lopez-Verrilli MA, Court FA. Exosomes: Mediators of communi-[7]
cation in eukaryotes. Biol Res 2013; 46(1): 5-11.
http://dx.doi.org/10.4067/S0716-97602013000100001  PMID:
23760408
Hofer  HR,  Tuan  RS.  Secreted  trophic  factors  of  mesenchymal[8]
stem cells support neurovascular and musculoskeletal therapies.
Stem Cell Res Ther 2016; 7(1): 131.
http://dx.doi.org/10.1186/s13287-016-0394-0 PMID: 27612948
Zhang ZG, Chopp M. Exosomes in stroke pathogenesis and thera-[9]
py. J Clin Invest 2016; 126(4): 1190-7.
http://dx.doi.org/10.1172/JCI81133 PMID: 27035810
Wang J,  Chen S,  Zhang W,  Chen Y,  Bihl  JC.  Exosomes   from[10]
miRNA-126-modified endothelial progenitor cells alleviate brain
injury and promote functional recovery after stroke. CNS Neuros-
ci Ther 2020; 26(12): 1255-65.
http://dx.doi.org/10.1111/cns.13455 PMID: 33009888
Martins HC, Schratt G. MicroRNA-dependent control of neuro-[11]
plasticity  in  affective  disorders.  Transl  Psychiatry  2021;  11(1):
263.
http://dx.doi.org/10.1038/s41398-021-01379-7 PMID: 33941769
Li JS, Yao ZX. MicroRNAs: Novel regulators of oligodendrocyte[12]
differentiation  and  potential  therapeutic  targets  in  demyelina-
tion-related diseases. Mol Neurobiol 2012; 45(1): 200-12.
http://dx.doi.org/10.1007/s12035-011-8231-z PMID: 22218763
Rahmati S, Shojaei F, Shojaeian A, Rezakhani L, Dehkordi MB.[13]
An overview of current knowledge in biological functions and po-
tential theragnostic applications of exosomes. Chem Phys Lipids
2020; 226: 104836.
http://dx.doi.org/10.1016/j.chemphyslip.2019.104836  PMID:
31678051
Fish JE, Santoro MM, Morton SU, et al. miR-126 regulates angio-[14]
genic  signaling  and  vascular  integrity.  Dev  Cell  2008;  15(2):
272-84.
http://dx.doi.org/10.1016/j.devcel.2008.07.008 PMID: 18694566
Shultz JC, Goehe RW, Wijesinghe DS, et al. Alternative splicing[15]
of caspase 9 is modulated by the phosphoinositide 3-kinase/Akt
pathway  via  phosphorylation  of  SRp30a.  Cancer  Res  2010;
70(22):  9185-96.
http://dx.doi.org/10.1158/0008-5472.CAN-10-1545  PMID:
21045158
Xin M, Deng X. Nicotine inactivation of the proapoptotic function[16]
of  Bax  through  phosphorylation.  J  Biol  Chem  2005;  280(11):
10781-9.
http://dx.doi.org/10.1074/jbc.M500084200 PMID: 15642728
Chan YC, Banerjee J, Choi SY, Sen CK. miR-210: The master hy-[17]
poxamir. Microcirculation 2012; 19(3): 215-23.
http://dx.doi.org/10.1111/j.1549-8719.2011.00154.x  PMID:
22171547
Mutharasan  RK,  Nagpal  V,  Ichikawa  Y,  Ardehali  H.  microR-[18]
NA-210 is upregulated in hypoxic cardiomyocytes through Akt-
and  p53-dependent  pathways  and  exerts  cytoprotective  effects.
Am J Physiol Heart Circ Physiol 2011; 301(4): H1519-30.
http://dx.doi.org/10.1152/ajpheart.01080.2010 PMID: 21841015
Jiang Y, Li L, Tan X, Liu B, Zhang Y, Li C. miR 210 mediates[19]
vagus  nerve  stimulation induced  antioxidant  stress  and  an-
ti apoptosis reactions following cerebral ischemia/reperfusion in-



Therapeutic Role of EPC-EXs and miR-210 in Ischemic Stroke Current Stem Cell Research & Therapy, 2024, Vol. 19, No. 8   1173

jury in rats. J Neurochem 2015; 134(1): 173-81.
http://dx.doi.org/10.1111/jnc.13097 PMID: 25783636
Wang F, Xiong L, Huang X, et al. miR-210 suppresses BNIP3 to[20]
protect against the apoptosis of neural progenitor cells. Stem Cell
Res 2013; 11(1): 657-67.
http://dx.doi.org/10.1016/j.scr.2013.04.005 PMID: 23688833
Ma X, Wang J, Li J, et al. Loading MiR-210 in endothelial progen-[21]
itor cells derived exosomes boosts their beneficial effects on hy-
poxia/reoxygeneation-injured human endothelial cells via protect-
ing  mitochondrial  function.  Cell  Physiol  Biochem 2018;  46(2):
664-75.
http://dx.doi.org/10.1159/000488635 PMID: 29621777
Yerrapragada SM, Sawant H, Chen S, Bihl T, Wang J, Bihl JC.[22]
The protective effects of miR-210 modified endothelial progenitor
cells  released  exosomes  in  hypoxia/reoxygenation  injured  neu-
rons. Exp Neurol 2022; 358: 114211.
http://dx.doi.org/10.1016/j.expneurol.2022.114211  PMID:
36027941
Liu  H,  Wang  J,  Chen  Y,  et  al.  NPC-EXs  alleviate  endothelial[23]
oxidative stress and dysfunction through the miR-210 downstream
Nox2  and  VEGFR2  pathways.  Oxid  Med  Cell  Longev  2017;
2017: 1-11.
http://dx.doi.org/10.1155/2017/9397631 PMID: 28630660
Zeng L, Liu J, Wang Y, et al. MicroRNA-210 as a novel blood[24]
biomarker  in  acute  cerebral  ischemia.  Front  Biosci  2011;  3(4):
1265-72.
PMID: 21622133
Zeng LL, He XS, Liu JR, Zheng CB, Wang YT, Yang GY. Len-[25]
tivirus mediated  overexpression  of  microRNA 210  improves
long term outcomes after focal cerebral ischemia in mice. CNS
Neurosci Ther 2016; 22(12): 961-9.
http://dx.doi.org/10.1111/cns.12589 PMID: 27390218
Wang J, Chen S, Ma X, et al. Effects of endothelial progenitor cel-[26]
l-derived  microvesicles  on  hypoxia/reoxygenation-induced  en-
dothelial dysfunction and apoptosis. Oxid Med Cell Longev 2013;
2013: 1-9.
http://dx.doi.org/10.1155/2013/572729 PMID: 24288585
Ma C, Wang J, Liu H, et al. Moderate exercise enhances endothe-[27]
lial progenitor cell exosomes release and function. Med Sci Sports
Exerc 2018; 50(10): 2024-32.
http://dx.doi.org/10.1249/MSS.0000000000001672  PMID:
30222687
Wang J, Liu H, Chen S, Zhang W, Chen Y, Yang Y. Moderate ex-[28]
ercise has beneficial effects on mouse ischemic stroke by enhanc-
ing the functions of circulating endothelial progenitor cell-derived
exosomes. Exp Neurol 2020; 330: 113325.
http://dx.doi.org/10.1016/j.expneurol.2020.113325  PMID:
32325158
Chen CW, Wang LL, Zaman S, et al. Sustained release of endothe-[29]
lial progenitor cell-derived extracellular vesicles from shear-thinn-
ing hydrogels improves angiogenesis and promotes function after
myocardial infarction. Cardiovasc Res 2018; 114(7): 1029-40.
http://dx.doi.org/10.1093/cvr/cvy067 PMID: 29566124
Jang SC, Kim OY, Yoon CM, et al. Bioinspired exosome-mimetic[30]
nanovesicles for targeted delivery of chemotherapeutics to malig-
nant tumors. ACS Nano 2013; 7(9): 7698-710.
http://dx.doi.org/10.1021/nn402232g PMID: 24004438
Wang J, Chen S, Bihl J. Exosome-mediated transfer of ACE2 (An-[31]
giotensin-Converting Enzyme 2) from endothelial progenitor cells
promotes survival and function of endothelial cell. Oxid Med Cell
Longev 2020; 2020: 1-11.
http://dx.doi.org/10.1155/2020/4213541 PMID: 32051731
Wang J, Guo R, Yang Y, et al. The novel methods for analysis of[32]
exosomes released from endothelial cells and endothelial progeni-
tor cells. Stem Cells Int 2016; 2016: 1-12.
http://dx.doi.org/10.1155/2016/2639728 PMID: 27118976
Zheng Y, Hou J, Liu J, et al. Inhibition of autophagy contributes[33]
to melatonin-mediated neuroprotection against transient focal cere-
bral ischemia in rats. J Pharmacol Sci 2014; 124(3): 354-64.
http://dx.doi.org/10.1254/jphs.13220FP PMID: 24646622
Moon IJ,  Kim DY, Rhee CS, Lee CH, Min YG. Role of angio-[34]
genic factors in airway remodeling in an allergic rhinitis murine
model. Allergy Asthma Immunol Res 2012; 4(1): 37-45.

http://dx.doi.org/10.4168/aair.2012.4.1.37 PMID: 22211169
Miranda CO, Teixeira CA, Liz MA, et al.  Systemic delivery of[35]
bone marrow-derived mesenchymal stromal cells diminishes neu-
ropathology in  a  mouse model  of  Krabbe’s  disease.  Stem Cells
2011; 29(11): 1738-51.
http://dx.doi.org/10.1002/stem.724 PMID: 21898691
Milde S, Brown GC. Knockout of the P2Y6 Receptor Prevents Per-[36]
i-Infarct Neuronal Loss after Transient, Focal Ischemia in Mouse
Brain. Int J Mol Sci 2022; 23(4): 2304.
http://dx.doi.org/10.3390/ijms23042304 PMID: 35216419
Zhang W, Zhao J, Wang R, et al. Macrophages reprogram after is-[37]
chemic stroke and promote efferocytosis and inflammation resolu-
tion  in  the  mouse  brain.  CNS  Neurosci  Ther  2019;  25(12):
1329-42.
http://dx.doi.org/10.1111/cns.13256 PMID: 31697040
Wang J, Zhong Y, Ma X, et al. Analyses of endothelial cells and[38]
endothelial progenitor cells released microvesicles by using mi-
crobead and Q-dot based nanoparticle tracking analysis. Sci Rep
2016; 6(1): 24679.
http://dx.doi.org/10.1038/srep24679 PMID: 27094208
Andrzejewska A, Dabrowska S, Lukomska B, Janowski M. Mes-[39]
enchymal  stem  cells  for  neurological  disorders.  Adv  Sci  2021;
8(7): 2002944.
http://dx.doi.org/10.1002/advs.202002944 PMID: 33854883
Dabrowska S, Andrzejewska A, Janowski M, Lukomska B. Im-[40]
munomodulatory and regenerative effects of mesenchymal stem
cells and extracellular vesicles: Therapeutic outlook for inflamma-
tory and degenerative diseases. Front Immunol 2021; 11: 591065.
http://dx.doi.org/10.3389/fimmu.2020.591065 PMID: 33613514
Hade MD, Suire CN, Suo Z. Mesenchymal stem cell-derived exo-[41]
somes: Applications in regenerative medicine. Cells 2021; 10(8):
1959.
http://dx.doi.org/10.3390/cells10081959 PMID: 34440728
Venkat P, Zacharek A, Landschoot-Ward J, et al. Exosomes de-[42]
rived from bone marrow mesenchymal stem cells harvested from
type  two  diabetes  rats  promotes  neurorestorative  effects  after
stroke in type two diabetes rats. Exp Neurol 2020; 334: 113456.
http://dx.doi.org/10.1016/j.expneurol.2020.113456  PMID:
32889008
Xin H, Li Y, Cui Y, Yang JJ, Zhang ZG, Chopp M. Systemic ad-[43]
ministration  of  exosomes  released  from  mesenchymal  stromal
cells promote functional recovery and neurovascular plasticity af-
ter  stroke  in  rats.  J  Cereb  Blood  Flow  Metab  2013;  33(11):
1711-5.
http://dx.doi.org/10.1038/jcbfm.2013.152 PMID: 23963371
Zhou Y, Li P, Goodwin AJ, et al. Exosomes from endothelial pro-[44]
genitor cells improve the outcome of a murine model of sepsis.
Mol Ther 2018; 26(5): 1375-84.
http://dx.doi.org/10.1016/j.ymthe.2018.02.020 PMID: 29599080
Li Y, Wang J, Chen S, et al. miR-137 boosts the neuroprotective[45]
effect of endothelial progenitor cell-derived exosomes in oxyhemo-
globin-treated SH-SY5Y cells partially via COX2/PGE2 pathway.
Stem Cell Res Ther 2020; 11(1): 330.
http://dx.doi.org/10.1186/s13287-020-01836-y PMID: 33100224
Xia  J,  Song  X,  Meng  J,  Lou  D.  Endothelial  progenitor  cell-[46]
s-derived exosomes transfer microRNA-30e-5p to regulate Erast-
in-induced ferroptosis in human umbilical vein endothelial cells
via  the specificity protein 1/adenosine monophosphate-activated
protein kinase axis. Bioengineered 2022; 13(2): 3566-80.
http://dx.doi.org/10.1080/21655979.2022.2025519  PMID:
35068337
Xia L, Wang X, Yao W, Wang M, Zhu J. Lipopolysaccharide in-[47]
creases exosomes secretion from endothelial progenitor cells by
toll like  receptor  4  dependent  mechanism.  Biol  Cell  2022;
114(5):  127-37.
http://dx.doi.org/10.1111/boc.202100086 PMID: 35235701
Wiklander  OPB,  Nordin  JZ,  O’Loughlin  A,  et  al.  Extracellular[48]
vesicle in vivo biodistribution is determined by cell source, route
of administration and targeting. J Extracell Vesicles 2015; 4(1):
26316.
http://dx.doi.org/10.3402/jev.v4.26316 PMID: 25899407
Choi  H,  Choi  Y,  Yim  HY,  Mirzaaghasi  A,  Yoo  JK,  Choi  C.[49]
Biodistribution of exosomes and engineering strategies for target-



1174   Current Stem Cell Research & Therapy, 2024, Vol. 19, No. 8 Wang et al.

ed  delivery  of  therapeutic  exosomes.  Tissue  Eng  Regen  Med
2021; 18(4): 499-511.
http://dx.doi.org/10.1007/s13770-021-00361-0 PMID: 34260047
Li  WL, Fraser  JL,  Yu SP,  Zhu J,  Jiang YJ,  Wei  L.  The role  of[50]
VEGF/VEGFR2 signaling in peripheral stimulation-induced cere-
bral neurovascular regeneration after ischemic stroke in mice. Exp

Brain Res 2011; 214(4): 503-13.
http://dx.doi.org/10.1007/s00221-011-2849-y PMID: 21922279
Sheng S, Huang J, Ren Y, et al. Neuroprotection against hypoxi-[51]
c/ischemic injury: δ-Opioid receptors and BDNF-TrkB pathway.
Cell Physiol Biochem 2018; 47(1): 302-15.
http://dx.doi.org/10.1159/000489808 PMID: 29768254


	The miR-210 Primed Endothelial Progenitor Cell Exosomes AlleviateAcute Ischemic Brain Injury
	Abstract:
	Keywords:
	INTRODUCTION
	MATERIALS AND METHODS
	Fig. (1).
	Fig. (2). 
	Fig. (3).
	Fig. (4).
	Fig. (5).
	DISCUSSION
	REFERENCES



