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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
?0021}74/0]1574888)(2663572309231]3642 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.
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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.
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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% CO, 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-
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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 100ul 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 (MCAQ) 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-1-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
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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 + 1y294002,
miR-210-EPC-EXs + sul498, 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
(1x10" particles) resuspended with 100ul sterile-filtered
PBS were intravenously injected via the caudal vein, as we
reported [10]. The pathway inhibitors 1y294002 (PI3k inhibi-
tor; 10 mg/kg, i.p., Cayman Chemical), sul498 (VEGFR2
pathway inhibitor; 9 mg/kg, i.p, BioVision), and k252a [tyro-
sine receptor kinase B (TrkB) pathway inhibitor; 10 pg/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 um) 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 pm) 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-
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cubator for 60 minutes at 37°C in the dark. Cell nuclei were
stained with 4°, 6-diamidino-2 -phenylindole (DAPI, 1
pg/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 uM 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—-AACT 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 pg) 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), B-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 ImagelJ 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

A

2.5 *

o
miR-126 level(-fold)

VEGF level(-fold)
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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
CS57BL/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
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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. (4 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. (4 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 1y294002 significantly blocked the ef-
fects induced by miR210-EPC-EXs, while VEGFRs inhibi-
tor sul498 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/P13k 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 1y294002 diminished the improved neurological deficit
function elicited by miR210-EPC-EXs (p < 0.05, vs.
miR210-EPC-EXs), while sul498 (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 1y294002
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 sul458, 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 P13k in-
hibitor, 1y294002 (p < 0.05, vs. miR210-EPC-EXs), and was
partially diminished by the VEGFR2 or TrkB inhibitors,
sul498 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. (4 higher resolution / colour version of this figure is available in the electronic copy of the

article).
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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. (4 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 CS7BL/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

(» <0.05, vs. EPC-EXs or vehicle). As expected, 1y294002
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). sul498 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-EXGs.
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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. (4 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, Tsgl01, efc.) 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, efc [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
1y294002 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 1y294002 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 sul498 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/P13k
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-
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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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