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Abstract

Background: Experimental investigations have reported the efficacy of marrow mesenchymal stem cell-derived exosomes (MSC-Exos)
for the treatment of ischemic stroke. The therapeutic mechanism, however, is still unknown. The purpose of the study is to show
whether MSC-Exos increases astrocytic glutamate transporter-1 (GLT-1) expression in response to ischemic stroke and to investigate
further mechanisms. Methods and Results: An in vitro ischemia model (oxygen-glucose deprivation/reperfusion, OGD/R) was used.
MSC-Exos was identified by Western blot (WB) and transmission electron microscopy (TEM). To further investigate the mechanism,
MSC-Exos, miR-124 inhibitor, and mimics, and a mTOR pathway inhibitor (rapamycin, Rap) were used. The interaction between GLT-1
and miR-124 was analyzed by luciferase reporter assay. The GLT-1 RNA expression and miR-124 was assessed by quantitative real-time
polymerase chain reaction (qRTPCR). The protein expressions of GLT-1, S6, and pS6 were detected by WB. Results demonstrated that
MSC-Exos successfully inhibited the decrease of GLT-1 and miR-124 expression and the increase of pS6 expression in astrocytes after
OGD/R. miR-124 inhibitor suppressed the effect of MSC-Exos on GLT-1 upregulation after OGD/R. Rapamycin notably decreased pS6
expression with significantly higher GLT-1 expression in astrocytes injured by OGD/R. Luciferase activity of the reporter harboring the
wild-type or mutant GLT-1 3′UTR was not inhibited by miR-124 mimics. Further results showed that the inhibiting effect of MSC-
Exos on pS6 expression and promoting effect of MSC-Exos on GLT-1 expression could be reversed by miR-124 inhibitor after OGD/R;
meanwhile, the above conditions could be reversed again by rapamycin. Conclusions: Results show that miR-124 and the mTOR
pathway are involved in regulation of MSC-Exos on GLT-1 expression in astrocytes injured by OGD/R. miR-124 does not directly target
GLT-1. MSC-Exos upregulates GLT-1 expression via the miR-124/mTOR pathway in astrocytes injured by OGD/R.
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1. Introduction

The effectiveness of marrow mesenchymal stem cells
(MSCs) in the treatment of ischemic stroke has been
demonstrated by both experimental studies and early clini-
cal trials [1,2]. Paracrine action is the main way MSCs ex-
ert therapeutic effects. One of the key factors for paracrine
effects is marrow mesenchymal stem cell-derived exosome
(MSC-Exo). It has multiple characteristics such as small
size, high stability, easy access, low immunogenicity, al-
most no graft reaction, and easily passes through the blood-
brain barrier. MSC-Exos have become a research focus for
the therapy of ischemic stroke [3,4]. Nevertheless, thera-
peutic mechanisms of MSC-Exos in ischemic stroke should
be further explored.

Studies have investigated that MSC-Exos protect
against ischemic stroke by reducing microglia accumula-
tion, increasing angiogenesis, inducing brain remodeling,
and so on [5,6]. But, whetherMSC-Exos could inhibit exci-

totoxic injury has not been reported. After ischemic stroke,
glutamate transporters expression decreases, which results
in excitotoxic injury with associated uptake disorders and
excessive accumulation of extracellular glutamate [7]. Glu-
tamate transporters, which have five subtypes including ex-
citatory amino acid transporters (EAAT) 1-EAAT5, are re-
garded as the only way for nerve cells to take up extracellu-
lar glutamate [8]. EAAT2 (GLT-1, glutamate transporter-
1), which is a therapeutic target for inhibition of excito-
toxic injury, accounts for about 90% of the total intake of
extracellular glutamate. Studies have shown that the up-
regulation of GLT-1 effectively attenuates the brain infarct
area and improves neurological deficits in ischemic stroke
[9,10]. However, whether MSC-Exos upregulates GLT-1
expression after ischemic stroke to exert therapeutic effects
has not been reported and further mechanisms need to be
demonstrated.

MSC-Exos contain many biological components such
as proteins, DNA, mRNAs, and miRNAs [11]. MSC-Exos
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could exert therapeutic effects by regulating miRNA ex-
pression against ischemic stroke [12]. It has been reported
that miR-124 might promote GLT-1 expression in normal
cultured astrocytes and prevent GLT-1 from being down-
regulated in a model of amyotrophic lateral sclerosis [13].
Hence, it is concluded that MSC-Exos might affect GLT-
1 expression by regulating miR-124. The mTOR path-
way, which is regarded as a target of therapy for ischemic
stroke, plays a significant role in its pathogenic progression
[14]. It has been shown that insulin promotes the down-
regulated GLT-1 expression induced by Abeta through the
mTOR pathway [15]. However, there is no evidence as
to whether MSC-Exos influences GLT-1 expression via the
mTOR pathway in ischemic stroke. Meanwhile, some stud-
ies and our previous research have confirmed that miR-
124 regulates nerve cell function through the mTOR path-
way [16,17]. Thus, it is further hypothesized that miR-
124 might participate in protecting against ischemic stroke
by regulation of MSC-Exos on GLT-1 expression via the
mTOR pathway.

In this study, an in vitro model of ischemic stroke
(oxygen-glucose deprivation/reperfusion, OGD/R) was
used. Meanwhile, MSC-Exos, miR-124 inhibitor and mim-
ics and a mTOR pathway inhibitor were used to fur-
ther explore the mechanisms. Results demonstrated that
MSC-Exos upregulated GLT-1 expression via the miR-
124/mTOR pathway against ischemic stroke, which might
present new experimental evidence for the therapeutic
mechanisms ofMSC-Exos for treatment of ischemic stroke.

2. Materials and Methods
2.1 Cell Culture

The preparation and identification of MSCs and astro-
cytes were performed according to a previous study [15].
The MSCs and astrocytes had been tested for mycoplasma
contamination. For MSCs, mononuclear cells from adult
Wistar rats weighing 120–180 g were removed from their
femurs and tibias. MSCs were then separated by cen-
trifuging cells at 900 g for 20 min at a density of 1.073
g/mL. Cells were then grown (2 × 105 cells/cm2) in 5
mL of DMEM/F12 (1:1) with 10 % fetal bovine serum
(FBS) and 1% penicillin-streptomycin (100 U/mL), after
being washed twice then centrifuged (400 g, 5 min). Af-
ter 72 hours, non-adherent cells were removed, and new
medium used. At 80% confluence, cells were trypsinized,
collected, and expanded. In prior investigation, flow cy-
tometry (Beckman coulter, Brea, CA, USA) was used to
identify MSCs [18]. The 3rd–8th generations of MSCs
were used for the follow-up experiments.

For astrocytes, one day oldWistar rats had their brains
removed to provide primary cortical astrocytes. Firstly, the
cerebral cortices were dissected, then meninges stripped.
The 0.125% trypsin was used to treat the above cerebral
cortex for 15 min at 37 °C. Then, cells of the centrifu-
gated deposit were resuspended and seeded into 75 cm2

plastic flasks coated with poly-L-lysine at a density of 2
× 105 cells/cm2. The cells were grown in the medium
which was changed every three days. 10–14 days later,
to get rid of the oligodendrocytes and microglia that were
just lightly adhered, flasks were capped and vibrated at 220
rpm overnight. The cells on the flasks were trypsinized and
moved to other flasks and identified as astrocytes by im-
munofluorescence staining of glial fibrillary acidic protein
(GFAP) as described in a previous study [18].

2.2 Exosome Isolation
MSCs were inoculated in 75 cm2 flasks in

DMEM/F12 containing 10% FBS. When covering
about 80% of the bottom of the flask, cells were transferred
to DMEM/F12 containing 10% FBS without exosomes.
After 48 h, the supernatant was transferred into a tube
and centrifuged at 3000 rpm (15min) to remove cells and
cell debris. The ExoQuick-TC exosome precipitation
solution (10 mL medium added to 2 mL ExoQuick-TC,
EXOTC10A-1, System Biosciences, Palo Alto, CA, USA)
was used to treat the supernatant. The mixed solution was
incubated at 4 °C overnight, and centrifuged at 1500 rpm
(30 min) to settle exosomes to the bottom. After removing
the supernatant, the mixed solution was again centrifuged
at 1500 rpm (5 min). After removing the supernatant,
exosomes were diluted with PBS at a certain concentration
and stored at 4 °C for use within one week.

2.3 Exosome Identification
The total protein concentrations of exosomes, which

represented concentrations of MSC-Exos, were detected by
the bicinchoninic acid (BCA) protocol (P0010S, Beyotime,
Shanghai, China). Exosome morphology was examined by
Transmission ElectronMicroscopy (TEM) (Hitachi, Tokyo,
Japan). In brief, glutaraldehyde was used to fix the purified
exosome solution which had been diluted to 500 µg/L. The
copper network was then treated with 20 µL of the fixed so-
lution and stained for 5 min with a 3% phosphotungstic acid
solution. Exosome ultrastructurewas examined by TEMaf-
ter drying. The marker proteins CD63, CD9, and CD81 of
exosomes were analyzed by Western Blot (WB).

2.4 Treatment of Astrocytes Injured by OGD/R
Astrocytes were washed before being cultured in

oxygen-glucose deprivation (OGD) medium (glucose-free
DMEM) for 6 hours at 37 °C in an anaerobic chamber with
a combination of 95%N2 and 5%CO2 (OGD group). OGD
6 h later, cells were rinsed twice then cultured in com-
plete medium (10% FBS-containing DMEM/F12, OGD/R
group), complete medium with different concentrations of
MSC-Exos medium (OGD/R + 0 µg/mL, OGD/R + 25
µg/mL, OGD/R + 50 µg/mL, OGD/R + 100 µg/mL) and
complete medium with added mTOR inhibitor (rapamycin,
OGD/R + Rap group) for 24 h. To further investigate the
regulation ofMSC-Exos on GLT-1, miR-124mimics (mim-
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ics group), miR-124 inhibitor (inhibitor group), or respec-
tively negative controls (Mnc group and Inc group) were
transfected into astrocytes. OGD 6 h later, astrocytes were
cultured in either complete medium, MSC-Exos medium,
or complete medium supplemented with rapamycin. Astro-
cytes without OGD/R in the normal condition were consid-
ered the control group (Control group).

2.5 Transfection
Lipofectamine 2000 (11668500, Invitrogen, Carlsbad,

CA, USA) was utilized to transfect the plasmids and miR-
NAs (GenePharm, Suzhou, Jiangsu, China) following the
manufacturer’s instructions. Cells were cultivated in a
6-well plate at a density of 1 × 105 cells per well un-
til they were 80% confluent. A 1:1 dilution of 3 µL of
miRNA in 300 µL of Opti-MEM and Lipofectamine 2000
was performed. Astrocytes were treated with the miRNA-
lipid combination and incubated for 48 hours at 37 °C.
MiR-124 mimics, inhibitor, or negative vectors were trans-
fected into the astrocytes, which were identified by quanti-
tative polymerase chain reaction (qPCR) (Bioer, Hangzhou,
Zhejiang, China) and immunofluorescence (Leica, Wetzlar,
Germany).

2.6 RNA Isolation and Real-Time Polymerase Chain
Reaction (qRTPCR)

Total RNA was extracted by Trizol Reagent
(15596026, Invitrogen, Carlsbad, CA, USA) follow-
ing the manufacturer’s instructions. The ABI Step One
Plus Real-Time PCR System (Applied Biosystems, Grand
Island, NY, USA) was used to measure the GLT-1 mRNA
expression. The endogenous control, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), was taken into
consideration. Three duplicates of each experiment were
carried out. The 2−∆∆Ct method was used to calculate the
relative mRNA expression. The forward (F) and reverse
(R) primers were produced by Sangon Biotech (Shanghai,
China):

GLT-1-F:5′-CCAAGCTTGGATCACTGCCCTGG-
3′,

GLT-1-R: 5′-CCAGCCCCAAAAGAGTCACCCA
CAA-3′

GAPDH-F: 5′-CCCCCAATGTATCCGTTGTG-3′,
GAPDH-R:5′-TAGCCCAGGATGCCCTTTAGT-3′;
MiR-124 primers and the reference snoRNA202 were

used to transform the miRNA to cDNA with a Taq-
Man miRNA reverse transcription kit (4366596, Applied
Biosystems). SYBR Green (4309155, Invitrogen, Carls-
bad, CA, USA) was used to assess the amount of miR-124.
An artificial miR-124 oligo was used to create a standard
curve (5′-UAAGGCACGCGGUGAAUGCC-3′).

2.7 Protein Isolation and Western Blotting
Cell lysis and protein extraction kits were used to pro-

cess astrocytes and MSC-Exos samples. The BCA pro-

tein detection kit (P0010S, Beyotime, Shanghai, China) was
used to measure the protein concentration. Samples were
subjected to Sodium Dodecyl Sulfate PolyAcrylamide Gel
Electrophoresis (SDS-PAGE) and transferred onto PVDF
membranes (3010040001, Millipore Corporation, Biller-
ica, MA, USA). Membranes were incubated overnight at 4
°C with anti-CD9 (diluted 1:1000, #98327, Cell Signaling
Technology (CST), Danvers, MA, USA), anti-GLT-1 (di-
luted 1:1000, #3838, CST, Danvers, MA, USA), anti-S6
(diluted 1:1000, #2217, CST, Danvers, MA, USA), anti-
pS6 (diluted 1:1000, #2215, CST, Danvers, MA, USA),
anti-GAPDH (diluted 1:1000, #5174, CST, Danvers, MA,
USA), anti-CD63 (diluted 1:1000, sc-5275, Santa Cruz
Biotechnology, Dallas, TX, USA) and anti-CD81 (diluted
1:1000, sc-166029, Santa Cruz Biotechnology, Dallas, TX,
USA). After three rounds of washing, the membranes were
incubated for 1 h at room temperature with anti-mouse
(diluted 1:5000, SA00001-1, proteintech, Wuhan, Hubei,
China) or anti-rabbit (diluted 1:5000, SA00001-2, protein-
tech, Wuhan, Hubei, China) secondary antibodies conju-
gated with horseradish peroxidase. An improved chemi-
luminescence detection agent was used to develop protein
blots. Quantity One, 1-D analysis software (Version 4.4,
Bio-Rad, Hercules, CA, USA) was used to analyze data,
which were normalized to glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH). Each immunoblot was performed
three times.

2.8 Luciferase Reporter Assay
The GLT-1 mRNA 3′UTR containing miR-124 bind-

ing sites was multiplied from cDNA and added into a
pmirGLO vector (E1330, Promega, Madison, WI, USA)
to create pmirGLO-GLT-1 3′UTR-wild type (WT GLT-1)
by GenePharma. Meanwhile, the pmirGLO-GLT-1 3′UTR-
mutant (MUT GLT-1) with mutation of predicted miR-
124 binding sites was made by the QuikChange Site-
directed Mutagenesis kit (200518, Agilent Technologies,
Inc., Santa Clara, CA, USA). Then, luciferase reporter plas-
mids were co-transfected into HEK293T cells containing
GLT-1 3′UTR and miR-124 mimics or Mnc. The firefly
and renilla luciferase activity was measured by a dual lu-
ciferase reporter assay system (E1910, Promega, Madison,
WI, USA) 2 days later. Renilla luciferase was used as a
normalizing factor to calculate relative luciferase activity.

2.9 Statistical Analysis
GraphPad Prism (Version 9, GraphPad Software Inc.,

Boston, MA, USA) was used to conduct statistical analy-
sis, and the data analyzed in this study was displayed as the
mean ± standard deviation. The differences between vari-
ous groups were analyzed by a one-way analysis of vari-
ance, and the Student’s t-test was employed to compare
the differences between the two groups. The Bonferroni
method was used to examine multiple comparisons. A p-
value < 0.05 was considered significant.
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Fig. 1. Exosomes’ ultrastructure was detected by TEM and marker proteins were analyzed by WB. (A) The morphology of MSC-
Exos (scale bar = 200 nm). Arrow points to the site of MSC-Exos. (B) WB detected the expression of CD63, CD9 and CD81, which
were the marker proteins of MSC-Exos. MSC-CM (conditioned medium) was used as the control group. TEM, transmission electron
microscopy; WB, western blot; MSC-Exos, marrow mesenchymal stem cell-derived exosomes.

Fig. 2. MSC-Exos regulated GLT-1 andmiR-124 expression in astrocytes after OGD/R. (A,B) The effects of different concentrations
of MSC-Exos on GLT-1 mRNA and miR-124 expressions after OGD/R. (C) A positive association between the GLT-1 mRNA and miR-
124, correlation analysis coefficient R = 0.88, p = 0.0001. (D,E) The effects of MSC-Exos on GLT-1 protein expression in astrocytes
after OGD/R. Compared with control group, * p< 0.05, ** p< 0.01, *** p< 0.001; compared with 0 µg/mLMSC-Exos group (OGD/R
group), # p < 0.05, ## p < 0.01, ### p < 0.001; compared with 100 µg/mL MSC-Exos group (OGD/R + Exo group); $ p < 0.05, $$
p < 0.01. As a ratio to the internal, the relative protein expression was displayed (n = 3). GLT-1, glutamate transporter-1; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; OGD/R, oxygen-glucose deprivation/reperfusion.

3. Results
3.1 MSC-Exos Identification

It could be clearly seen that the extracts were mem-
branous vesicles, round or oval, with clear edges and dou-
ble lipid membranes detected by the TEM (Fig. 1A). WB
indicated that exosome-specific proteins, CD63, CD9, and
CD81, were positive (Fig. 1B). The above results confirmed
that the extracts were MSC-Exos.

3.2 MSC-Exos Regulated GLT-1 and miR-124 Expression
in Astrocytes Injured by OGD/R

After OGD/R, expressions of the GLT-1 mRNA and
miR-124 in OGD/R group (0 µg/mLMSC-Exos) decreased
significantly compared to control (p < 0.001) (Fig. 2A,B).
As the concentration of MSC-Exos increased, the GLT-1
mRNA and miR-124 expressions showed gradual upreg-
ulation. Pearson’s correlation analysis revealed a positive
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Fig. 3. MSC-Exos upregulated GLT-1 expression through miR-124 in astrocytes after OGD/R. (A) Astrocytes transfected with
miR-124 mimics or inhibitor plasmids were detected by immunofluorescence (bar = 200 µm). (B) miR-124 mimics or inhibitor were
effectively transfected into astrocytes. miR-124 expression was detected by quantitative real-time polymerase chain reaction (qRTPCR).
(C–E) The impact of miR-124 mimics on GLT-1 expression in astrocytes injured by OGD/R. (F–H) miR-124 inhibitor suppressed the
upregulation of MSC-Exos on GLT-1 in astrocytes after OGD/R. GLT-1 expression was detected by qRTPCR or WB. Compared with
control group, ** p < 0.01, *** p < 0.001; compared with OGD/R group, # p < 0.05, ## p < 0.01, ### p < 0.001; compared with
OGD/R + Exo group, $ p < 0.05, $$ p < 0.01. As a ratio to the internal, the relative protein expression was displayed (n = 3).

association between the GLT-1 mRNA and miR-124 ex-
pressions (R = 0.88, p = 0.0001) (Fig. 2C). The GLT-1
mRNA and miR-124 expressions were both highest un-
der the 100µg/mL MSC-Exos (Exo group) compared with
other conditions (p < 0.05) (Fig. 2A,B). In comparison to
the OGD/R group, GLT-1 protein expression was dramat-
ically increased under 100 µg/mL MSC-Exos (p < 0.001)
(Fig. 2D,E), which was used for follow-up experiments.

3.3 MSC-Exos Upregulated GLT-1 Expression through
miR-124 in Astrocytes Injured by OGD/R

Astrocytes transfected with miR-124 mimics or in-
hibitor showed greenwith immunofluorescence. Compared
with the control group, miR-124 expression significantly
elevated in the mimics group and significantly decreased
in the inhibitor group (p < 0.001). miR-124 expression
was unaffected in the Mnc or Inc group, compared with the
control group (Fig. 3A,B). When compared with the con-
trol group, OGD/R induced notably lower GLT-1 mRNA
and protein expression in astrocytes (p < 0.001). How-
ever, downregulation of GLT-1 mRNA and protein expres-
sion could be reversed by miR-124 mimics. When com-
pared with the OGD/R group, miR-124 mimics signifi-

cantly increased GLT-1 mRNA and protein expression (p<
0.05) (Fig. 3C–E). Additionally, the upregulation of MSC-
Exos on GLT-1 was significantly suppressed by miR-124
inhibitor. The OGD/R + Exo + inhibitor (miR-124 in-
hibitor) group had lower GLT-1 mRNA and protein expres-
sion when compared with the OGD/R + Exo group (p <

0.05) (Fig. 3F–H).

3.4 MSC-Exos Upregulated GLT-1 Expression via the
mTOR Pathway in Astrocytes Injured by OGD/R

In comparison to the control group, OGD/R notably
increased the pS6 (an indicator of mTOR activity) pro-
tein expression in astrocytes (p < 0.001). Meanwhile,
in comparison to the OGD/R group, MSC-Exos signifi-
cantly downregulated the overexpression of pS6 and pro-
mote GLT-1 expression (p < 0.05) (Fig. 4A,B; Fig. 2D,E).
Additionally, rapamycin also suppressed the overexpres-
sion of pS6 and increased GLT-1 expression in astrocytes
injured by OGD/R (p< 0.05) (Fig. 4C–E). The above find-
ings indirectly confirmed that MSC-Exos upregulated GLT-
1 expression via themTORpathway in astrocytes injured by
OGD/R.
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Fig. 4. MSC-Exos upregulated GLT-1 expression through the mTOR pathway in astrocytes after OGD/R. (A,B) MSC-Exos reg-
ulated the mTOR pathway (pS6 and S6) protein expression in astrocytes after OGD/R. (C–E) The effects of mTOR pathway inhibitor,
rapamycin, on the pS6, S6 and GLT-1 protein expression in astrocytes after OGD/R. Compared with control group, ** p < 0.01, *** p
< 0.001; compared with OGD/R group, # p < 0.05. As a ratio to the internal, the relative protein expression was displayed (n = 3).

3.5 MSC-Exos Upregulated GLT-1 Expression via the
miR-124/mTOR Pathway in Astrocytes Injured by OGD/R

The luciferase reporter assay showed that the co-
transfection of miR-124 mimics did not affect relative lu-
ciferase activities of theWT orMUTGLT-1 3′UTR reporter
when compared with mimics negative control (NC) (p >

0.05), which revealed that miR-124 did not directly target
GLT-1 (Fig. 5A).

Notably, miR-124 mimics reversed the upregulation
of pS6 expression in astrocytes injured by OGD/R. Com-
pared with the OGD/R group, the OGD/R + mimics group
showed a significant decrease in pS6 protein expression
(p < 0.05), while the OGD/R + inhibitor group showed a
significant increase in pS6 protein expression (p < 0.05).
Whereas theOGD/R +Mnc or OGD/R + Inc groups showed
no significant effect on pS6 expression (Fig. 5B,C). These
findings demonstrate that miR-124 regulated the mTOR
pathway in astrocytes injured by OGD/R.

When compared with the OGD/R + Exo group,
the OGD/R + Exo + miR-124-(miR-124 inhibitor) group
showed significantly higher levels of pS6 protein expres-
sion and significantly lower levels of GLT-1 protein ex-
pression (p < 0.001). In comparison to the OGD/R +
Exo + miR-124- group, the pS6 protein expression in the
OGD/R + Exo + miR-124- + Rap group was noticeably re-
duced; however, GLT-1 protein expression was markedly
improved (p < 0.001) (Fig. 5D–F). The findings showed
that MSC-Exos’ inhibitory effect on pS6 expression and

its promoting effect on GLT-1 expression was reversed by
miR-124 inhibitor in astrocytes after OGD/R, whereas the
aforementioned conditions were reversed once again by ra-
pamycin.

4. Discussion
Rodent studies have proved that MSC-Exos are effec-

tive treatment for ischemic stroke, which could attenuate
cerebral infarction area, reduce neurological damage, and
rescue synaptic communication, neuronal plasticity, spatial
memory, and learning [19,20]. A recent clinical trial also
confirmed the safety and feasibility of intraparenchymal in-
jection of MSC-Exos in the treatment of ischemic stroke
[21]. Nevertheless, the therapeutic mechanisms of MSC-
Exo in the treatment of ischemic stroke are far from clear,
which limits its clinical application and development.

Based on preclinical studies, MSC-Exos could pro-
mote the repair of nerve tissue damage by improving nerve
axon regeneration, angiogenesis, anti-inflammatory and
immune regulation after ischemic stroke [22,23]. However,
whether MSC-Exos play a therapeutic role by inhibiting
excitotoxic injury has not been reported. Excitotoxic in-
jury is a crucial mechanism for nerve cell destruction af-
ter ischemic stroke, in which GLT-1 plays a critical role.
Recent studies have confirmed that ceftriaxone, hormones,
and mild hypothermia could effectively improve neuro-
logical damage by regulating GLT-1 expression after is-
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Fig. 5. MSC-Exos upregulated GLT-1 expression via the miR-124/mTOR pathway in astrocytes after OGD/R. (A) The luciferase
reporter assay showed an interaction between GLT-1 and miR-124. The luciferase activity of reporter containing the wild-type or mutant
3′UTR could not be inhibited by miR-124 mimics. (B,C) The effects of miR-124 mimics (miR-124+) and inhibitor (miR-124-) on the
mTOR pathway (pS6 and S6) protein expression in astrocytes after OGD/R. (D–F) The pS6 and GLT-1 protein expressions intervened
by MSC-Exos and/or miR-124 inhibitor and/or rapamycin were detected by WB. Compared with the OGD/R group, # p< 0.05, ### p<
0.001; compared with the OGD/R + Exo group, $$$ p < 0.001; compared with the OGD/R + Exo + miR-124- group, %%% p < 0.001.
As a ratio to the internal, the relative protein expression was displayed (n = 3).

chemic stroke [24,25]. In this investigation, GLT-1 mRNA
expression gradually increased with increased MSC-Exos
concentration. Additionally, MSC-Exos at a concentration
of 100 µg/mL effectively inhibited the decrease of GLT-1
protein expression after OGD/R, which demonstrates that
MSC-Exos upregulates GLT-1 expression in astrocytes af-
ter OGD/R.

MSC-Exos have been found to contribute to neuropro-
tection in ischemic stroke by regulating miRNA, which al-
leviates inflammation and oxidative stress, enhances axon-
myelin remodeling, and inhibit microglial M1 polarization
against ischemic stroke by affecting miRNAs expressions
such as miR-15a-5p, miR-17-92 and miR-223-3p [26–28].
Moreover, there are no reports about whether MSC-Exos
affects GLT-1 expression by regulating miRNA following
ischemic stroke. It has been reported that GLT-1 expres-
sion is promoted by downregulating miR-107 expression
after OGD/R [29]. Previous research by the authors has
confirmed that GLT-1 expression can be regulated by miR-
124 in astrocytes after OGD/R [17]. This study shows that
with increased MSC-Exos concentration, GLT-1 and miR-
124 expression were correlated in astrocytes after OGD/R.
The upregulation of GLT-1 induced byMSC-Exos was sup-
pressed by miR-124 inhibitor after OGD/R, which shows
that MSC-Exos affects GLT-1 expression via regulating

miR-124 in astrocytes after OGD/R. Nevertheless, a lu-
ciferase reporter assay revealed that GLT-1 and miR-124
did not directly regulate one another.

The mTOR pathway activated with increasing expres-
sion of phosphorylated protein pS6 regulates neuronal au-
tophagy, angiogenesis, axonal growth, and neuronal ac-
tivity after ischemic stroke [30]. This study found that
the pS6 protein was highly expressed after OGD/R. MSC-
Exos accelerates burn wound healing, resists oxidative
stress, and improve synaptic plasticity by regulating the
mTOR pathway [31,32]. In this study, it was investi-
gated whether MSC-Exos significantly inhibited the up-
regulation of pS6 after OGD/R, which showed that MSC-
Exos mediated the mTOR pathway after OGD/R. Mean-
while, the mTOR pathway inhibitor, rapamycin, also no-
tably decreased pS6 expression with significantly higher
GLT-1 expression in astrocytes after OGD/R. These find-
ings indirectly inferred that MSC-Exos upregulated GLT-1
expression via the mTOR pathway in astrocytes injured by
OGD/R.

The mTOR pathway is mediated by a variety of up-
stream regulators, among which miRNA is important. It
has been reported that the mTOR pathway participates in
the role of miR-34a on improving brain aging and atrophy
induced by high glucose [33]. A recent study has shown
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that miR-124-3p improves the biological behavior of males
diagnosed with major depression by regulating the mTOR
pathway [16]. This study confirms that the mTOR path-
way is regulated by miR-124 in astrocytes after OGD/R.
Further findings demonstrate that the miR-124 inhibitor
reverses MSC-Exos’ inhibiting effect on pS6 expression
and promoting effect on GLT-1 expression in astrocytes af-
ter OGD/R. Meanwhile, the above conditions could be re-
versed again by the mTOR pathway inhibitor, rapamycin,
which shows that the mTOR pathway, as a target of miR-
124, is involved in the regulation of MSC-Exos on GLT-1
expression in astrocytes after OGD/R.

5. Conclusions
This study reported here show that miR-124 and the

mTOR pathway are involved in the regulation of MSC-
Exos on GLT-1 expression in astrocytes after OGD/R. miR-
124 does not directly target GLT-1. Rather, MSC-Exos up-
regulates GLT-1 expression via the miR-124/mTOR path-
way in astrocytes injured by OGD/R.

However, there are some limitations in this study. For
example, whether miR-124-modified MSC-Exos have bet-
ter therapeutic effects needs to be further verified. Mean-
while, the relevant mechanisms need to be further demon-
strated in animal experiments.
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