Neurochemical Research (2021) 46:455-467
https://doi.org/10.1007/5s11064-020-03179-9

ORIGINAL PAPER q

Check for
updates

Mechanism of Human Umbilical Cord Mesenchymal Stem Cells
Derived-Extracellular Vesicle in Cerebral Ischemia-Reperfusion Injury

Wenlei Wang' - Zhen Ji' - Chunyan Yuan? - Yanfang Yang'

Received: 4 March 2020 / Revised: 9 November 2020 / Accepted: 11 November 2020 / Published online: 30 November 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

Mesenchymal stem cells (MSCs)-derived extracellular vesicles (EVs) are implicated in cerebral ischemia reperfusion (I/R)
injury process. In this study, after extraction and identification of human umbilical cord MSCs (HMCs)-derived EVs, I/R rat
models were established and treated with HMC-EVs to measure pathological damage, apoptosis and inflammation in brain
tissues. The differentially expressed microRNAs (miRs) in HMC-EVs and I/R rat tissues were screened. The downstream
gene and pathways of miR-24 were analyzed. The gain- and loss-of function of miR-24 in HMC-EVs was performed in I/R
rat models and hypoxia/reoxygenation (H/R) cell models. SH-SYSY cells were subjected to hypoxia and biological behaviors
were detected by MTT assay, colony formation experiment, EJU staining and Transwell assays, and cells were incubated with
the inhibitors of downstream pathways. As expected, infarct size, brain tissue apoptosis and inflammation were decreased
after HMC-EVs treatment. miR-24 overexpression in HMC-EVs reduced I/R injury, while miR-24 knockdown in HMC-EVs
impaired the protective roles of HMC-EVs in I/R injury. HMC-EVs-carried miR-24 could target AQP4 to activate the P38
MAPK/ERK1/2/P13K/AKT pathway, and thus promoted the proliferation and migration of SH-SYS5Y cells after H/R injury,
which were reversed by LY294002 and PD98095. Taken together, HMC-EVs-carried miR-24 played protective roles in I/R
injury, possibly by targeting AQP4 and activating the P38 MAPK/ERK1/2/P13K/AKT pathway. This study may offer novel
perspective for I/R injury treatment.

Keywords Cerebral ischemia reperfusion injury - Human umbilical cord mesenchymal stem cells - Extracellular vesicles -
microRNA-24 - AQP4 - P38 MAPK/ERK1/2

Introduction

Ischemia means the lack of blood supply for tissues owing to
the obstruction of arterial inflow, while reperfusion, although
essential to reconstruct the delivery of oxygen and nutrients
to normalize cell metabolism, it may cause the pathogenic
process, aggravate the damage caused by ischemia itself, and
result in tissue damage in distant organs [1]. When cerebral
blood flow is interrupted transiently, cerebral ischemia/rep-
erfusion (I/R) injury occurs following oxygen and glucose
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deprivation. The resulting brain dysfunction leads to high
rates of mortality and disability [2]. I/R injury is related to
severe clinical manifestations, such as myocardial hiberna-
tion, cerebral disorder, acute heart failure, gastrointestinal
disorder, systemic inflammatory response, and multiple
organ impairment [3]. Unfortunately, there is still a long
way to go before the establishment of brain protection strat-
egy or the successful enhancement of the mechanism of post
ischemic repair [4]. Besides, studies have indicated mes-
enchymal stem cells (MSCs) are appealing in regenerative
medicines due to their abilities of self-renewal and regenera-
tion of damaged tissues, as well as functions in regulating
inflammation, autoimmune and organ injury [5, 6]. Further-
more, MSCs-derived extracellular vesicles (EVs) attenuated
lung IRI and promoted donor lung repair after circulatory
failure [7]. In light of these discoveries, this study tries to
find novel approaches for cerebral I/R injury from the aspect
of MSCs-derived EVs.
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Human umbilical cord MSCs (HMCs) are widely used
in regeneration, and their roles in alleviating liver fibrosis,
promoting liver and renal injury recovery, and facilitating
wound healing have been found [8]. HMCs have also been
reported to relieve hyperemia and inflammation, and to meli-
orate I/R-induced acute renal failure in rats [9]. Additionally,
stem cells can communicate with adjacent cells and remote
cells through EVs, and stem cell-derived EVs carrying cer-
tain proteins and RNAs can support healing of injured tis-
sues [10]. Besides, EVs released by MSCs could alleviate
I/R-induced inflammation and renal injury [11]. Further-
more, EVs, transferring mRNAs and microRNAs (miRs)
to target cells, are key regulators of cell-cell communica-
tion, and circulating EVs monitor tissue regeneration and
remote ischemic preconditioning [12, 13]. A variety of miRs
have been uncovered in different organs after I/R to regulate
gene functions in cardiomyocyte death, fibrosis, extracel-
lular matrix remodeling, inflammatory response and angio-
genesis [14]. The abovementioned demonstrations triggered
us to screen out the differentially expressed miR in HMC-
EVs and rat tissues with I/R injury, as well as the potential
downstream genes and pathways. Thereby, this study was
designed to evaluate the underlying molecular mechanism
of HMC-EVs on cerebral I/R injury in vivo and in vitro.

Materials and Methods
Isolation and Identification of HMCs

The cord tissues provided by Affiliated Hospital of Jiangsu
University (Zhenjiang, Jiangsu, China) were cultured in low-
glucose Dulbecco’ s modified Eagle medium (L-DMEM,
Gibco, Grand Island, NY, USA) containing 10% fetal bovine
serum (FBS). When cell confluency reached 80%, cells were
detached using trypsin and subculture.

The HMC:s of the third passage were obtained, and the
expression of cell surface markers CD105, CD29, CD44 and
CD34 was detected using flow cytometer (Beckman Coulter,
Inc., Chaska, MN, USA). Adipocyte induction medium and
osteoblast induction medium (Gibco) were used to induce
HMC s to differentiate into adipocytes and osteoblasts,
respectively. Oil red O staining and alizarin red staining
were used to observe the adipogenesis and osteogenesis.

Isolation, Identification and Treatment of HMC-EVs

EVs were extracted from HMC supernatant by ultracentrifu-
gation [15]. The morphology of EVs was observed under
the transmission electron microscope (TEM) (Olympus,
Tokyo, Japan). The size and distribution of EV samples
were observed by nanoparticle tracking analysis (NTA).
The expression of CD9, CD63, Alix 3 and Cis-Golgi matrix
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130 (GM130) on the EV surface was detected by western
blot analysis.

HMCs were seeded into 6-well plates at 1 x 10%cells/
well. On the next day, HMCs were transfected with miR-24
mimic/inhibitor/negative control (NC) (Shanghai Genechem
Co., Ltd., Shanghai, China) according to the instructions of
Lipofectamine™ 2000 kit (Invitrogen Inc., Carlsbad, CA,
USA), and the final concentration was 100 nmol/L. After
48 h of transfection, the EVs were extracted for further
experiments.

Establishment and Grouping of Rat Models with I/R

A total of 119 male Sprague Dawley rats (280+20 g) were
purchased from Zhejiang Vital River Laboratory Animal
Technology Co., Ltd. (Jiaxing, Zhejiang, China, SCXK
(Zhejiang) 2018-0001). Seventeen rats enrolled in the sham
group only had the right carotid artery separated, and the
remaining 102 rats were used for I/R modeling using the
suture-occluded method [16]. Briefly, after midline incision
in the neck skin, the right external carotid artery (ECA) was
isolated from the surrounding nerves and fascia. A nylon
suture of 0.26 mm diameter was introduced into the ECA
and went on into the internal carotid artery to obstruct the
right ECA. The suture was inserted 18-20 mm from the
bifurcation of the common carotid artery. The rectal tem-
perature of rats was maintained at 37 +0.5 °C during the
operation. After awakening, neurological deficits were eval-
uated as previously described [17]. Rats without left fore-
limb paresis or circling towards the left side were considered
as unsuccessful models and were excluded. The rats were
anesthetized with ether 90 min after middle cerebral artery
occlusion modeling and the suture was withdrawn. No rats
died in the process of modeling.

I/R rats (all successfully modeled) were then allocated
into 6 groups, with 17 rats in each group. Specifically, dur-
ing reperfusion, rats in the I/R group were injected with
2 mL phosphate buffer saline (PBS); rats in the HMC-EV
group were injected with 100 pg HMC-ex via the tail vein
for 3 consecutive days, 100 pg per day; rats in the NC/HMC-
EV group were injected with 100 pg NC/HMC-EVs via the
tail vein for 3 consecutive days, 100 pg per day; rats in the
miR-24/HMC-EV group were injected with 100 pg miR-24/
HMC-EVs via the tail vein for 3 consecutive days, 100 pg
per day; rats in the in-NC/HMC-EV group were injected
with 100 pg in-NC/HMC-EV via the tail vein for 3 consecu-
tive days, 100 pg per day; rats in the in-miR-24/HMC-EV
group were injected with 100 pg miR-24 inhibitor/HMC-EV
via the tail vein for 3 consecutive days, 100 pg per day. After
24 h of the last injection, in each group, brain tissues of 5
rats were taken to prepare tissue homogenate, 6 rats were
used for triphenyl tetrazolium chloride (TTC) staining, 6 rats
were used for hematoxylin and eosin (HE) staining, terminal
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deoxynucleotidyl transferase (TdT)-mediated dUTP nick end
labeling (TUNEL) and immunohistochemistry.

TTC Staining

Rats were deeply anesthetized using 30 mg/kg pentobarbital
sodium to quickly obtain the brains. Then brain tissues were
frozen in the refrigerator at —20 °C for 18 min, and then
taken out and cut into 6 sections at 2 mm along the coronal
plane of brain tissues. Afterwards, the brain sections were
placed in 2% TTC solution (Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany) at 37 °C for 30 min without light
exposure. Later, the sections were fixed in 4% paraformal-
dehyde and photographed using a digital camera, and then
the infarct size was calculated by Image J software (National
Institutes of Health, Bethesda, Maryland, USA).

HE Staining

After model establishment, pentobarbital sodium was
injected into rats for deep anesthesia, and the brains were
taken and fixed in 10% neutral formalin solution for 48 h.
After alcohol gradient dehydration, xylene soaking, wax
immersion and embedding, the waxed blocks were sliced at
3 pm. Brain sections were stained with hematoxylin, differ-
entiated with 75% ethanol hydrochloride, and counterstained
with eosin. Afterwards, the morphology of brain tissues was
observed under a microscope (Olympus).

TUNEL Assay

Brain sections of rats were taken for detecting apoptotic
index using the TUNEL method as per the instructions of the
kit (Boster Biological Technology Co., Ltd., Wuhan, Hubei,
China). Results were presented as the apoptosis index (Al),
the ratio of TUNEL-positive cells (brown cells) to total cells
in the same field of view [18].

Immunohistochemistry

The prepared brain sections were used for immunohisto-
chemistry using Streptavidin-Biotin Complex methods
by incubation with B cell lymphoma-2 (Bcl-2) (1:250,
ab32124). For semi-quantitative analyses, areas of posi-
tive staining were defined by two independent investigators
using Image-Pro 6.0 Plus (Media Cybernetics). Five fields of
view for each section were randomly selected, images were
acquired, and integrated optical density (IOD) was deter-
mined [density (mean) =I0D/area] [18].

Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of inflammatory factors in brain tissue homoge-
nate were detected according to interleukin-6 (IL-6) and
tumor necrosis factor-o (TNF-a) detection kits (Shanghai
Bohu Biotechnology Co., Ltd., Shanghai, China).

Microarray Analysis

The brain tissues of the modeled rats with or without EV
injection were used for microarray analysis, which was
carried out by Shanghai Sensichip Hightech Co., Ltd.
(Shanghai, China). Total RNA 50 pg was used for sepa-
ration and purification of miRs by polyethylene glycol
(PEG) method. Using T4 RNA ligase labeling method,
miR was labeled with fluorescence, then precipitated with
anhydrous ethanol, dried and dissolved in 16 pL hybrid-
izing solution, and hybridized overnight at 42 °C. At the
end of hybridization, the samples were washed in a solu-
tion containing 0.2% SDS and 2 X SSC (2 X saline sodium
citrate, diluted from 20 X SSC, which was composed of
3.0 M NaCl and 0.3 M Najscitrate-2H,0, PH7.0) at 42 °C
for 4 min, and then washed in 0.2 X SSC at room tempera-
ture for 4 min. After the slide was dried, it was scanned
with LuxS-can 10 K/A dual-channel laser scanner, and the
operation was repeated twice in each sample. LuxScan3.0
image analysis software (CapitalBio company) was used
to analyze the chip image. After the overall normalization
and logarithmic transformation of the data, the differen-
tially expressed genes were selected by means of signature
analysis of microarrays (SAM, version 2.1). The screening
criteria were as follows: false discovery rate (FDR) was
controlled within 5%, and fold change was not less than
2.0. Finally, Cluster 3.0 (Stanford University) was used
for cluster analysis.

Reverse Transcription Quantitative Polymerase
Chain Reaction (RT-qPCR)

Total RNA was obtained from rat brain homogenate and
SH-SYS5Y cells using the one-step method of Trizol (Invit-
rogen) to determine its concentration and purity, reversely
transcribed into cDNA, and then amplified using PCR
instrument. The mRNA expression of primers in Table 1
was detected by SYBR PCR Master Mix Kit (Thermo
Fisher Scientific Inc., Waltham, MA, USA) with U6 or
B-actin as internal references. The primers used in the
experiment were designed by Primer 3Plus website and
synthesized by Suzhou Genewiz Bio-engineering Co., Ltd.
(Suzhou, Jiangsu, China). The experiment was repeated
for 3 times.
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Table 1 Primer sequences of RT-qPCR

Primer Sequence (5" — 3')

miR-24 F: GACTCCTGTTCCTGCTGAACT
R: GTTGTTCCAGGCTGTTGATGG
U6 F: CTCGCTTCGGCAGCACA

R: GTGTCGTGGAGTCGGCAA

AQP4 F: CCTGCCATCTTCGGGTACTG
R: GCCATTTCAAAGCAATCAAATGCAA
fB-actin F: GTCATTCCAAATATGAGAGATGCGT

R: GCTATCACCTCCCCTGTGTG

RT-gPCR reverse transcription quantitative polymerase chain reac-
tion, miR-24 microRNA-24, AQP4 aquaporin 4, F forward, R reverse

Table 2 Antibodies used in western blot analysis

Antibody Item no Dilution ratio Company
GM130 ab52649 1:1000 Abcam
CD9 ab92726 1:2000 Abcam
CD63 ab134045 1:1000 Abcam
Alix3 ab117600 1:1000 Abcam
AQP4 ab46182 1:1000 Abcam
p-MAPK 4511 1:1000 CST
MAPK 8690 1:1000 CST
p-ERK1/2 4370 1:2000 CST
ERK1/2 ab17942 1:1000 Abcam
PI3K 4292 1:1000 CST
p-PI3K ab182651 1:500 Abcam
AKT ab179463 1:10000 Abcam
p-AKT ab38449 1:1000 Abcam
cleaved caspase-3 ab49822 1:500 Abcam
B-actin ab64946 1:1000 Abcam

AQP4 aquaporin 4, MAPK mitogen-activated protein kinase, ERK
extracellular signal-regulated kinase, PI3K phosphatidyl inositol
3-kinase, AKT protein kinase B

Western Blot Analysis

Rat brain homogenate and SH-SYSY cells were lysed with
radio-immunoprecipitation assay lysis buffer (50 mM Tris-
HCI (PH7.5), 150 mM NacCl, 1% NP-40, 0.1% SDS, 0.5%
sodium deoxycholate, 5 mM EDTA, 0.1 mM PMSF, 2 mg/
mL aprotinin, 5 mM NaF and 2 mM NaVO3). The proteins
were extracted and quantified using the bicinchoninic acid
(BCA) method. The proteins were run on polyacrylamide
gel electrophoresis, and transferred to membranes at con-
stant 90 mA. After that, the membranes were sealed with
50 g/L milk for 1 h, and incubated with primary antibodies
(Table 2) overnight. On the next day, the membranes were
incubated with horseradish peroxidase-labeled second-
ary antibody goat anti-rabbit immunoglobulin G (ab6728,
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1:2000) or goat anti-mouse IgG (ab205719, 1:2000), and
visualized with enhanced chemiluminescence reagent.
Bio-Rad Digital Image System (Bio-Rad Laboratories, Inc.
Hercules, CA, USA) was applied to analyze the results.

Establishment and Grouping of Hypoxia/
reoxygenation (H/R)-Treated Cell Models

SH-SY5Y cells (purchased from Nanjing Cobioer Biotech-
nology Co., Ltd., Nanjing, Jiangsu, China) were seeded
in culture dishes and then placed into an AnaeroPack box
(Mitsubishi Gas Chemical America, Inc., New York, USA)
for 0-8 h to mimic the hypoxia process. Subsequently,
culture media were replaced with DMEM containing 10%
FBS for 24-h cultivation.

After H/R treatment for 6 or 24 h, SH-SYS5Y cells were
assigned into 7 groups during reoxygenation. In brief,
cells in the H/R group were added with PBS; cells in the
H/R + NC/HMC-EV group were added with 10 pL NC/
HMC-EV; cells in the H/R + miR-24/HMC-EV group
were added with 10 pL miR-24/HMC-EV; cells in the
H/R + miR-24/HMC-EV + LY294002 and PD98095
(Sigma-Aldrich) group were added with 10 pL miR-24/
HMC-EV, and 20 pM LY294002 and PD98095; cells in
the H/R +in-NC/HMC-EV group were added with 10 pL
in-NC/HMC-EV; and cells in the H/R + in-miR-24/HMC-
EV group were added with 10 pL in-miR-24/HMC-EV.

3-(4, 5-Dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) Assay

Cells were seeded into 96-well plates at 150 pL/well with
the density of 3 x 10° cells/mL, and then each well was
added with 15 pL MTT solution at 37 °C for 2 h when
culturing for O h, 24 h, 48 h and 72 h. Following media
removal, each well was added with 10 pL dimethyl sul-
phoxide solution. The optical density value at 450 nm
was determined using a microplate reader (Bio-Rad
Laboratories).

Colony Formation Assay

The cells of each group in logarithmic growth phase were
seeded into 6-well plates. When there were visible colonies
in the culture plates, the cultivation was terminated. After
that, cells were fixed with 1 mL 4% paraformaldehyde for
15 min, and then stained with 1 mL 0.5% crystal violet Eso-
lution for 30 min. The 6-well plates were observed under the
microscope (Olympus) to count the colony numbers which
had over 50 cells.
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5-Ethynyl-2’-deoxyuridine (EdU) Labeling Assay

Cell proliferation was detected by BeyoClick™ EdU kit
(Beyotime Biotechnology Co., Ltd., Shanghai, China) [19].

Flow Cytometry

Cells seeded into the 6-well plates were made into 1 x 10°/
mL cell suspension. After that, cell suspension was incu-
bated with 5 pL Annexin V-fluorescein isothiocyanate
(MultiSciences (Lianke) Biotechnology Corporate Limited,
Hangzhou, Zhejiang, China) for 10 min without light expo-
sure. Then cells were resuspended and cultured with 5 pL.
propidium iodide for 20 min, followed by apoptosis detec-
tion on the flow cytometer (Thermo Fisher Scientific Inc.).

Transwell Assay

Matrigel (100 pL) was evenly coated on the apical chamber
of Transwell (no such step in cell migration experiment).
Then cells in each group were seeded in the apical chamber
at 100 pL/well with the density of 1x 10° cells/mL. Each
basolateral chamber was covered with 500 pL. 10% FBS and
the Transwell chambers were cultured in the medium for
24 h. After that, cells which did not cross the membrane in
the apical chamber were wiped off with cotton swabs. Cells
crossing the membrane were fixed with 4% paraformalde-
hyde at room temperature for 30 min, and stained with 0.5%
crystal violet (Beyotime). Following 3 PBS washes (each
for 5 min), cells in randomly selected 5 fields of vision were
observed, photographed and counted under a microscope
(Olympus).

Dual Luciferase Reporter Gene Assay

The 3’ untranslated region (3'UTR) sequence of aquaporin
4 (AQP4) containing the binding site of miR-24 was syn-
thesized, and the wild type (WT) plasmid (AQP4-WT)
and mutant type (MUT) plasmid (AQP4-MUT) of AQP4
3’UTR were constructed. The constructed plasmids were
mixed with NC and miR-24 plasmids respectively and then
transfected into HEK293 cells (American Type Culture
Collection, ATCC, Manassas, Virginia, USA). Afterwards,
cells were collected and lysed after transfection for 48 h.
Luciferase activity was detected by Luciferase Detection Kit
(BioVision, San Francisco, CA, USA) and Glomax 20/20
luminometer (Promega, Madison, Wisconsin, USA).

Statistical Analysis

Statistical analysis was conducted by SPSS21.0 (IBM
Corp. Armonk, NY, USA). Kolmogorov-Smirnov test
checked whether the data were normally distributed. The
measurement data were exhibited in mean + standard
deviation. The ¢ test was applied for comparisons between
two groups, while one-way or two-way analysis of vari-
ance (ANOVA) for multi-groups and Tukey’s multiple
comparisons test for pair-wise comparisons after ANOVA
analyses. The p value was obtained by two-tailed tests and
p <0.05 meant statistical differences.

Results

Identification of HMC and HMC-EVs

The long-fusiform, uniform and fibroblast-like cells could
be observed after 10 days of adherent culture of human
umbilical cord tissue blocks. About 2 weeks later, when
cell confluency reached 80%—90%, cells were passaged till
P3 generation for subsequent identification and biological
experiments (Fig. 1a). In the process of osteogenic differ-
entiation, HMCs changed from long-fusiform to irregular
shapes and distributed in “wedge” shapes. With the induc-
tion time going, the cell structure gradually disappeared,
cells gradually fused, and calcium deposition appeared. On
the 14th day after induction, the osteoblasts were identi-
fied by alkaline-phosphatase staining. Under the micro-
scope, the precipitates in the cytoplasm were red (Fig. 1b).
After 3 weeks of adipogenic induction, oil red O staining
was used to observe the adipogenic differentiation. Under
the microscope, HMCs increased in volume, irregular in
shape, and multiple round orange red lipid droplets with
different sizes appeared in the cytoplasm (Fig. 1¢c). These
results indicated that the cultured cells had the character-
istics of multidirectional differentiation of MSCs. Flow
cytometry was then used to detect the expression of cell
surface markers. The results exhibited that the cell sur-
face antigen CD34 was negative, while CD105, CD29 and
CD44 were positive, meeting the international criteria for
MSCs (Fig. 1d). In conclusion, HMCs were successfully
isolated and cultured.

After HMCs were successfully extracted, EVs from
HMCs were obtained by ultracentrifugation and identi-
fied by TEM, NTA and western blot analysis. EVs was
in 30-100 nm diameter, in round or quasi round, pre-
senting in microcapsules like saucers wrapped in lipid
membranes (Fig. le). The size of the microcapsules was
different (Fig. 1f). According to the definition of MISEV
2018 revision, they belong to small EVs [20]. Besides,
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Fig.1 HMCs and HMC-EV are successfully obtained. (a) Morphol-
ogy of primary HMCs and HMCs at P3 generation; (b) Cell adipo-
genesis was induced and the precipitates in the cytoplasm were red
observed by alizarin red staining; (¢) HMCs increased in volume,
irregular in shape, and multiple round orange red lipid droplets with
different sizes appeared in the cytoplasm observed by oil red O
staining; (d) Flow cytometry detected the expression of cell surface
markers, showing that CD34 was negative, while CD105, CD29 and

EV surface marker proteins CD9, CD63 and Alix3 were
overexpressed, but GM130 was not expressed (Fig. 1g),
indicating the successful extraction of HMC-EVs.

HMC-EVs are Protective for Cerebral I/R Injury

It has been reported that plasma Evs could protect the
myocardium from I/R injury [21]. To investigate the effect
of HMC-EV on cerebral I/R injury, we successfully estab-
lished I/R models in the right middle cerebral artery of
rats, and detected the degree of cerebral infarction 24 h
after reperfusion. The results of TTC staining showed that
the volume of infarct size decreased significantly after EV
treatment (Fig. 2a). The results of HE staining showed
that the cortex of rats in the sham group was complete
without obvious apoptosis, while the atrophy and apop-
tosis degree of cells in the rats with cerebral I/R injury
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CD44 were positive; (e) Morphology of extracted HMC-EV observed
by TEM, showing that EV diameter was between 30 and 100 nm, in
round or quasi round; (f) NTA measured that particle size of HMC-
EV was 40~ 100 nm, and the peak value was at 80 nm; (g) Western
blot analysis measured HMC-EV surface markers GM130, CD9,
CD63 and Alix3, showing that CD9, CD63 and Alix3 were overex-
pressed, but GM 130 was not expressed

were more serious than those in the EV treatment group
(Fig. 2b). Additionally, TUNEL staining and immuno-
histochemistry were performed to evaluate apoptosis of
brain tissues in rats. The results showed that the number
of TUNEL-positive cells and cleaved caspase3 expression
in the brain tissues of rats treated with EVs were signifi-
cantly lower than those in rats with cerebral I/R injury,
and Bcl-2 expression was significantly higher than that in
rats with cerebral I/R injury (all p <0.05) (Fig. 2c—e). In
addition, we also detected the levels of IL-6 and TNF-a in
brain tissues of rats in each group. The results showed that
levels of IL-6 and TNF-«a in brain tissues of rats treated
with HMC-EVs were significantly lower than those with-
out HMC-EV treatment (Fig. 2f) (all p <0.01). Based on
the above results, we could conclude that HMC-EVs have
a certain protective effect on rats with cerebral I/R injury.



Neurochemical Research (2021) 46:455-467

461

Cortex

Sham

IR

) Sham_ ) I/R

x
B A
; 5 50j'lm, o
Sham IIR HMC-ex
C Cortex
. Sham L IR . HMC-ex a0 R
. > >, e < \; 30_
- T
5 5 E e a 27
= il & S Q
| o et L
: ; 0 i & 101
O 7S w, s 8 ’ : o
50pnT. oL . _ 50pym 50pm - ©
DUy M Vet o
- T
Sham IR HMC-ex
Cortex
D Sham IIR HMC-ex
- - . S37 721 EEEET . pgAnes # > 0.8+ *x
% o< 0.6 %
' ©
N . 2
— SRS - .
@ L+ o4
i S 3
. 2. B o2
. N g
. 50pm 50pm -
] T £
S b= = 0.0~
Sham IR HMC - ex
1.0 400
55 T
e c © 0.8 300
caspase3| . SHENED s 17 kDa 22 ?
. o * ‘o £
© @ 0.6 £
s % < 200
. ) S
B-actin| G GHEND G (<2 kDa ¢ 3 04
52, § 100
Sham IR HMC -ex g™ £
) o
0.0- : 0
Sham IR HMC -ex IL-6 TNF- a

Fig.2 HMC-EV has protective effects on rats with cerebral I/R
injury. (a) TTC staining showed that the volume of infarct size
decreased significantly after HMC-EV treatment, with white area
presenting ischemic infarct area (n=6); (b) HE staining was used
to detect the pathological morphology of the cortex in each group
(n=6); (c) TUNEL staining observed the number of TUNEL-positive
cells in the cortex of rats in each group, with brown cells represent-
ing apoptotic cells (n=6); (d) The expression of cleaved caspase3
and Bcl-2 in the cortex of rats was detected by immunohistochem-

HMC-EVs Mitigate Cerebral I/R Injury by Releasing
miR-24

RNA in EVs can shuttle between cells and participate in the
regulation of gene expression in receptor cells [22]. There-
fore, we speculated that the protective effect of HMC-ex
on cerebral I/R injury may also be related to miR cargo. To
test this hypothesis, we used microarray to analyze the dif-
ferentially expressed miRs in the brain tissues between I/R
rats with or without EV injection. The results showed that

istry (n=6); (e) The expression of cleaved caspase3 in the cortex of
rats was detected by western blot analysis (n=35, the experiment was
repeated three times); (f) The expression of IL-6 and TNF-a in brain
tissues of rats was detected by ELIKA kits (n=5). The experiments
were performed 3 times. *p <0.01. Data in panels a, ¢, d and e were
analyzed by one-way ANOVA, and data in panel f were analyzed by
two-way ANOVA. Tukey’s multiple comparisons test was used for
pairwise comparison after ANOVA

there were multiple differentially expressed miRs between
the two groups, and miR-24 has a very significant difference
(p <0.05) (Fig. 3a). Therefore, we speculate that HMC-EV's
may carry miR-24 and release it into the brain tissues of
rats, thus protecting the brain from cerebral I/R injury. To
confirm this hypothesis, we successfully transfected miR-24
mimic/inhibitor into HMCs (Fig. 3b), and extracted their
EVs and injected them into rats via the tail veins. TTC stain-
ing and HE staining were used for pathological morphologi-
cal evaluation, TUNEL staining, western blot analysis and
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Fig.3 HMC-EV mitigates cerebral I/R injury by releasing miR-
24. (a) Microarray analyzed the differentially expressed miRs in the
brain tissues of I/R rats and rats injected with HMC-EV. The results
showed that there were multiple differentially expressed miRs in the
two groups, and miR-24 has a very significant difference (n=5); (b)
The transfection efficiency of miR-24 mimic/inhibitor was verified by
RT-qPCR (n=5); (¢) TTC staining detected infarct size with white
area presenting ischemic infarct area (n=6); (d) HE staining detected
the pathological morphology of the cortex in each group (n=6); (e)
TUNEL staining observed the number of TUNEL-positive cells in
the cortex of rats in each group, with brown cells representing apop-
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totic cells (n=6); (f) The expression of cleaved caspase3 and Bcl-2
in brain tissues of rats were detected by immunohistochemistry, with
brown cells representing apoptotic cells (n=6); (g) The expression of
cleaved caspase3 in the cortex of rats was detected by western blot
analysis (n=5, the experiment was repeated three times); (h) The
expression of IL-6 and TNF-« in brain tissues of rats were detected
by ELIKA kits (n=5). The experiments were performed 3 times.
*p<0.01. Data in panels b, c, e, f and g were analyzed by one-way
ANOVA, and data in panel H were analyzed by two-way ANOVA.
Tukey’s multiple comparisons test was used for pairwise comparison
after ANOVA
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immunohistochemistry were used to detect the apoptosis of
brain tissues, and ELISA detected inflammatory factors in
brain tissues. The results showed that the protective effect
of HMC-EVs with overexpressing miR-24 on cerebral I/R
injury was enhanced, while that of HMC-EVs with low
expressing miR-24 was decreased (Fig. 3c-h).

miR-24 Targets AQP4 to Activate the P38 MAPK/
ERK1/2/P13K/AKT Axis

In the above results, we confirmed that HMC-EVs releases
miR-24 to alleviate cerebral I/R injury, but the downstream
mechanism is still unclear. Through a reference review,
we found that AQP4 knockout can reduce oxygen-glucose
deprivation-induced astrocyte injury [23]. It was pre-
dicted that the AQP4 is one of the target genes of miR-24
through the biological website. The dual luciferase reporter
gene assay precisely verified that there is a binding region
between miR-24 and AQP4. After miR-24 overexpression
in HMC-EVs, AQP4 levels were significantly reduced,

which were opposite when miR-24 expression in HMC-
EVs was knocked down (Fig. 4a—c) (all p <0.05). Besides,
P38 MAPK/ERK1/2 and PI3K/AKT are important signal-
ing pathways involved in the regulation of cell apoptosis
after stroke [24]. Therefore, western blot analysis was used
to detect levels of P38 MAPK/ERK1/2/P13K/AKT signal-
ing pathway-related proteins in the brain tissues of each rat.
It was found that HMC-EVs with overexpressing miR-24
activated the MAPK/ERK1/2/P13K/AKT signaling pathway
(Fig. 4d—e). In summary, we confirmed that miR-24 released
from HMC-EVs inhibited AQP4 expression, activated the
P38 MAPK/ERK1/2/P13K/AKT signaling pathway, and
thus protecting rats from cerebral I/R injury.

HMC-EVs-Carried miR-24 Restores SH-SY5Y Cell
Proliferation and Migration After H/R

We have explored the mechanism of HMC-EVs in rats with
cerebral I/R injury through in vivo experiments. However, its
effect in vitro remained unclear. Therefore, we established
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P13K/AKT axis. (a) The biological website predicted that the target
gene of miR-24 contained AQP4; (b) Dual luciferase reporter gene
assay precisely verified that there is a binding region between miR-
24 and AQP4; (c¢) and (d) AQP4 levels in brain tissues of rats were
detected by RT-qPCR and western blot analysis (n=5); E. Western
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blot analysis was used to detect levels of P38 MAPK/ERK1/2/P13K/
AKT signaling pathway-related proteins in the brain tissues of each
rat (n=5). The experiments were performed 3 times. *p <0.01. Data
in panels ¢ and d were analyzed by one-way ANOVA, and data in
panels b and e were analyzed by two-way ANOVA. Tukey’s multiple
comparisons test was used for pairwise comparison after ANOVA
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the H/R injury model in SH-SY5Y cells. Specifically, we
cultured human SH-SYS5Y cells and treated them with dif-
ferent hypoxia time and then reperfusion for 24 h. We found
that the apoptosis rate of SH-SYSY cells was too high after
8 h of hypoxia while too low after 4 h. Therefore, we deter-
mined that the hypoxia time of H/R model at 6 h (Fig. 5a).
We cocultured the EVs derived from HMC-EVs with
low- or over-expression of miR-24 with SH-SYSY cells.
Then we evaluated the effect of HMC-EVs with low- or
over-expression of miR-24 on the activity of SH-SYSY
cells by MTT assay, colony formation assay and EdU stain-
ing, and evaluated the invasion and migration abilities by
Transwell assay. The results showed that in the HMC-EV
group with low/over expression of miR-24, the activity, and
invasion and migration abilities of SH-SYSY cells were
significantly higher than those in the H/R group, while in
the HMC-EV group with low expression of miR-24, the
activity, invasion and migration ability of SH-SYS5Y cells
were significantly lower than those in the HMC-EV group

Control 4h

(all p<0.05) (Fig. 5Sb—e). Taken together, overexpression
of miR-24 further promoted the recovery of SH-SYS5Y cell
proliferation ability after H/R injury, while HMC-EV's with
low expression of miR-24 showed impaired effects.

Inhibition of the P38 MAPK/ERK1/2/P13K/AKT Axis
Impairs the Recovery Effects of HMC-EVs-Carried
miR-24 on SH-SY5Y Cell Proliferation and Invasion
After H/R

To verify that HMC-EVs-carried miR-24 restored the prolif-
eration and invasion of SH-SYSY cells after H/R injury by
regulating the P38 MAPK/ERK1/2 and P13K/AKT signal-
ing pathway, we used LY294002 and PD98095 to inhibit
the P38 MAPK/ERK1/2 and P13K/AKT signaling path-
ways. The results showed that the proliferation and invasion
of SH-SYSY cells treated with LY294002 and PD98095
was decreased significantly compared with SH-SYS5Y
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Fig.5 HMC-EV-carried miR-24 restores SH-SYSY cell proliferation
and migration after H/R. (a) SH-SY5Y cell apoptosis after hypoxia
was detected by flow cytometry; (b) SH-SYSY cell activity at O h,
24 h, 48 h and 72 h was detected by MTT assay; C. SH-SY5Y cell
colony formation ability was measured by cell colony formation
assay; (d) EdU-positive cell in SH-SYSY cells was measured by
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EdU labeling assay; E. SH-SY5Y cell invasion and migration ability
was detected by Transwell assay. The experiments were performed
3 times. *p<0.01. Data in panels a, ¢, d and e were analyzed by
one-way ANOVA, and data in panel B were analyzed by two-way
ANOVA. Tukey’s multiple comparisons test was used for pairwise
comparison after ANOVA
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cells treated with overexpressing miR-24 in HMC-EVs
(Fig. 6a—d).

Discussion

Stem cell therapy has a broad application prospect thanks to
its capability in tissue repair and regeneration after IR [25].
Additionally, miRs are present in the blood after I/R, and
circulating miRs may appear in EVs which stabilize miRs
in plasma [14]. Inspired by these reviews, we performed this
study with the aim to figure out the stem cell/miR combined
therapy for cerebral I/R injury treatment. Collectively, we
came to a conclusion that HMC-EVs-carried miR-24 played
protective roles in cerebral I/R injury, possibly by targeting
AQP4 and activating the P38 MAPK/ERK1/2/P13K/AKT
pathway.

After HMC-EVs treatment, the infarct size, TUNEL-
positive cells, Caspase-3 positive expression, and IL-6 and
TNF-a levels were significantly lower than those in I/R rats.
A former study noted that pulmonary dysfunction, lung
injury, inflammation, edema and neutrophil infiltration after
I/R were attenuated by MSC-derived EVs [7]. When I/R
occurs, IL-6 expression increases as an effective early indi-
cator of prognosis [2]. Interestingly, another study suggested
that adipose MSC-derived EVs suppressed IL-1, TNF-a,
oxidative stress and cleaved Caspase-3, but increased Bcl-2
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Fig. 6 Inhibition of the P38 MAPK/ERK1/2/P13K/AKT axis impairs
the recovery effects of HMC-EV-carried miR-24 on SH-SYS5Y cell
proliferation and invasion after H/R. (a) SH-SYSY cell activity at
0 h, 24 h, 48 h and 72 h was detected by MTT assay; (b) SH-SY5Y
cell colony formation ability was measured by cell colony forma-
tion assay; (¢) EdU-positive cell in SH-SYSY cells was measured by

expression in liver I/R injury [26]. HMC-EVs injection
reduced cardiac fibrosis and improved cardiac function in a
rat model of acute myocardial infarction [27].

Through microarray analysis and RT-qPCR verification,
we stated that miR-24 was differentially expressed in HMC-
EVs and cerebral I/R injury rat tissues. Consistently, a recent
study also found that miR-24 was noticeably downregulated
in I/R through the profiling of miRs expression in a mouse
model of renal IRI [28]. Furthermore, we performed a gain-
and-loss of functions of miR-24 in HMC-EVs, and got a con-
clusion that miR-24 overexpression in HMC-EVs reduced
cerebral I/R injury, while miR-24 knockdown in HMC-EVs
impaired the protective roles of HMC-EVs in cerebral I/R
injury. Similarly, miR-24-3p attenuated myocardial injury
and reduced infarct size, Caspase-3 activity and TNF-a level
by targeting receptor-interacting serine/threonine-protein
kinase 1, thus exerting cardioprotective functions in myo-
cardial IRI [29]. miR-24 was highly expressed in remote
ischemic preconditioning-induced exosomes, and reduced
oxidative stress-mediated injury and apoptosis, attenuated
infarct size and improved heart function in myocardial I/R
models [30]. To sum up, HMC-EVs could mitigate cerebral
I/R injury by releasing miR-24.

Moreover, we noticed that HMC-EVs-carried miR-
24 could target AQP4 to activate the MAPK/ERK1/2/
P13K/AKT pathway, which further promoted the prolif-
eration and migration of SH-SYSY cells after H/R injury.

C H/IR

Hoechst 33342

80

EDU positive cell (%)

HIR

miR-24/HMC - ex + ly + pd HIR
'_1' o B

b
8

8
g

P
g

3
8

migration cellsper filed
g

EdU labeling assay; (d) SH-SYSY cell invasion and migration abil-
ity was detected by Transwell assay. The experiments were performed
3 times. *p <0.01. Data in panels b, ¢ and d were analyzed by the ¢
test, and data in panel a were analyzed by two-way ANOVA. Tukey’s
multiple comparisons test was used for pairwise comparison after
ANOVA
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HMC-EVs can transfer RNA into injured renal tubular
cells and change their gene expression, so as to promote
cell dedifferentiation and regeneration, and finally improve
tissue damage and organ disorder [31]. For example,
Ranghino et al demonstrated that glomerular MSC-EVs
ameliorated the impaired kidney functions after I/R injury
by transferring mRNAs and miRs [32]. AQP4 is abun-
dantly expressed in all brain structures and AQP4 alterna-
tion seems to parallel changes in neuroinflammation and
cerebral edema [33, 34]. AQP4 was correlated with the
maturation of blood-brain barrier, and was rapidly induced
after ischemia coinciding with swelling of the ischemic
hemisphere after stroke onset [35]. Importantly, AQP4 in
astrocytes may aggravate cytotoxic brain edema after I/R
by promoting water entry [4]. Of particular note, adipose
MSC-EVs effectively suppressed immune-inflammatory
responses and protected the brain from sepsis syndrome-
induced damage by decreasing AQP4 levels [36].

MAPK pathway is involved in the regulation of inflam-
matory response, apoptosis and death in ischemic and
hemorrhagic brain injury [37]. Transient and moderate
ERK phosphorylation mediates cell protection during
ischemic precondition [24]. Previous work showed that
the PI3K/AKT may alleviate myocardial I/R injury [38].
Subsequently, we established the H/R injury model in
SH-SYS5Y cells, and added with LY294002 and PD98095,
inhibitors of the P38 MAPK/ERK1/2 and P13K/AKT
pathways, respectively. Inhibition of the P38 MAPK/
ERK1/2/P13K/AKT axis impairs the recovery effects of
HMC-EVs-carried miR-24 on SH-SY5Y cell proliferation
and invasion after H/R. Another study has suggested that
MSC-EVs increased myocardium viability and cardiac
function, reduced infarct size and oxidative stress, and
activated the PI3K/AKT pathway after I/R [39]. What’s
more, AKT-modified HMC-EV was reported to be effec-
tive for acute myocardial infarction treatment by improv-
ing cardiac function and promoting angiogenesis [40].
Moreover, Zhou et al. showed that HMC-EVs were able
to repair acute kidney injury by improving oxidative stress,
suppressing cell apoptosis, and promoting cell prolifera-
tion through activation of the ERK1/2 pathway [41].

Taken together, such a conclusion can be draw that the
protective effects of HMC-EVs-carried miR-24 in cerebral
I/R injury rat model and H/R cell model were achieved pos-
sibly by targeting AQP4 and activating the P38 MAPK/
ERK1/2/P13K/AKT pathway. This study may provide novel
insights for the understanding of I/R pathogenesis and treat-
ment. Although miRs are now in clinical trials, stem cell-
derived EVs need further investigations to translate its role
in stem cell therapy. More researches are still needed to fur-
ther validate our results and to verify the application values
in clinic setting.
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