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Background: Cerebral ischemia-reperfusion (CI/R) injury is a subtype of complication after treatment of ischemic stroke. It has been 
reported that exosomes derived from BMSCs could play an important role in CI/R injury. However, whether BMSCs-derived 
exosomes could regulate CI/R injury via carrying miRNAs remains to be further explored.
Methods: RNA sequencing was performed to identify the differentially expressed miRNAs. To mimic CI/R in vitro, SH-SY5Y cells 
were exposed to oxygen glucose deprivation/reoxygenation (OGD/R). The viability of SH-SY5Y cells was tested by CCK8 assay, and 
TUNEL staining was performed to detect the cell apoptosis.
Results: MiR-133a-3p was identified to be reduced in exosomes derived from the plasma of patients with IS. Upregulation of miR- 
133a-3p significantly reversed OGD/R-induced SH-SY5Y cell growth inhibition. Consistently, BMSCs-derived exosomal miR-133a- 
3p could restore OGD/R-decreased SH-SY5Y cell proliferation via inhibiting apoptosis. Meanwhile, DAPK2 was a direct target of 
miR-133a-3p. In addition, OGD/R notably upregulated the level of DAPK2 and weakened the expressions of p-Akt and p-mTOR in 
SH-SY5Y cells, whereas exosomal miR-133a-3p derived from BMSCs notably reversed these phenomena. Exosomal miR-133a-3p 
derived from BMSCs could reverse OGD/R-induced cell apoptosis via inhibiting autophagy. Furthermore, exosomal miR-133a-3p 
derived from BMSCs markedly alleviated the symptom of CI/R injury in vivo.
Conclusion: Exosomal miR-133a-3p derived from BMSCs alleviates CI/R injury via targeting DAPK2/Akt signaling. Thus, our 
study might shed new light on discovering new strategies against CI/R injury.
Keywords: CI/R, BMSC, miR-133a-3p, DAPK2, autophagy

Introduction
Ischemic stroke (IS) causes more than 40 million disabilities all over the world every year, and it often results in the 
disability among adults.1 Nowadays, immediate restoration of the blood supply is the main strategy against IS, while it 
may cause the brain injury for sake of CI/R.2 Indeed, the therapeutic effects of surgery and drug administration against 
CI/R remain not ideal. Therefore, it is essential to find novel strategies against CI/R injury.

It has been reported that the transplantation of bone marrow mesenchymal stem cells (BMSCs) was able to induce the 
nerve function recovery after cerebral ischemia.3 Additionally, a recent study indicated that BMSCs could alleviate the 
progression of CI/R injury through mediation of PI3K/Akt/mTOR signaling pathway.4 More importantly, recent studies 
demonstrated that BMSCs-derived exosomes (BMSC-exos) were able to act as crucial mediators in the biological 
function of BMSCs.5,6 BMSC-secreted exosomes were able to influence the biological features of target cells via their 
interaction with the transfer of receptors between cells, specific ligand receptors and the transfer of RNAs and proteins.7,8 
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Meanwhile, a previous study suggested that BMSC-derived exosomes were able to attenuate CI/R injury through 
modulation of autophagy.5 Therefore, exosomes derived from BMSCs could play important roles in CI/R injury.

MicroRNAs (miRNAs), a subtype of non-coding RNAs, play vital roles in the development of CI/R.9 Shi et al 
demonstrated that miR-532-5p inhibition could aggravate CI/R injury through negatively regulating CXCL1.10 

Upregulation of miR-652 ameliorated CI/R-induced neuron injury by mediation of NOX2.11 Furthermore, BMSC- 
derived exosomes were able to modulate the process of multiple diseases via carrying miRNAs.7,12 However, the 
function of exosomal miRNAs derived from BMSCs in CI/R injury remains further exploring.

Based on the above backgrounds, this study aimed to detect the differentially expressed miRNAs in exosomes derived 
from plasma of patients with IS. We hope this work would supply a novel method against CI/R injury.

Materials and Methods
Sample Collection
Plasma of patients with IS (n=20) and healthy people (n=20) were collected from the First Affiliated Hospital of 
Nanchang University between August 2020 and May 2021. The data of patients and healthy people were collected with 
their written informed consent. The samples were stored at −80°C and then used for RT-qPCR analysis and exosome 
isolation. The Ethics Committee of The First Affiliated Hospital of Nanchang University approved this study.

Cell Culture
SH-SY5Y cells were bought from ATCC (USA) and cultured with DMEM containing 10% FBS in the condition of 95% 
N2/5% CO2. For the purpose of constructing OGD model, PC12 cells (Chinese Academy of Sciences, Shanghai, China) 
were firstly cultured in medium without deoxygenated glucose. Subsequently, cells were incubated in condition of 95% 
N2/5% CO2 for 4 h (placed in a hypoxic vessel). Then, cells were transferred to DMEM containing 10% FBS and high 
glucose in condition of 95%/5% CO2 for 24 h at 37°C.

Reagents
Rapamycin was obtained from Sigma (USA).

BMSC Isolation and Culture
BMSCs were obtained from mice (C57BL/6, 18–22 g) which were intraperitoneally administered with pentobarbital, and the 
femurs were removed. The femoral bone marrow cavity was washed, and the primary cells were maintained in DMEM (low- 
glucose) containing FBS (10%). The primary and third-generation BMSCs were used in subsequent analysis. The ethical 
committee of the First Affiliated Hospital of Nanchang University approved this study. Meanwhile, the isolated BMSCs were 
identified by microscopy and detection of CD90, CD29, CD34 and CD45 as previously described.13,14

Alizarin Red Staining Assay
The identification of third-generation BMSCs was assessed by alizarin red staining. Cells cultured in 12-well plates were rinsed 
with phosphate buffered saline (PBS) buffer (pH 7.4) for 3 times and fixed with 4% paraformaldehyde for 30 min. Afterwards, 
cells were stained with 1% alizarin red S solution (pH=8.4) (Sigma-Aldrich) for 5 min. Thereafter, cells were washed with PBS 
for 3 times and observed under a light microscope. The result was presented by photomicrographs of calcium nodules.

Oil Red O Staining
Oil Red O staining was used to identify the primary BMSCs. In brief, cells were fixed with 10% formalin at room temperature 
for 1 h and washed by 60% isopropanol. Then, 0.2% oil red O was used to stain the cells at room temperature for 10 min. Cells 
were then washed 3 times with ddH2O. Excessive oil red O was removed by incubating cells with 1 mL isopropanol on a mild 
shaker for 10 min at room temperature. The images were observed under a microscope.

https://doi.org/10.2147/IJN.S385395                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2023:18 66

Yang et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Exosome Isolation and Identification
BMSCs were centrifuged (15 min at 300 × g, 2000 × g for 15 min and 10,000 × g for 30 min) and then the supernatants 
were collected. Cell supernatants were used to extract exosomes using ultracentrifugation (70 min at 120,000 × g). NTA 
was performed to evaluate the particle sizes of exosomes, TEM was used to confirm the exosome structure and Western 
blot was used to identify the exosome markers.

RNA Sequencing
Total RNA was extracted from the exosomes derived from plasma of patients and healthy people by using TRIzol® 

(Takara, Tokyo, Japan) and then sent to GMINIX Co., Ltd. (Shanghai, China) for RNA sequencing.
Volcano plot and heatmap were performed to identify miRNA levels between exosomes from plasma of patients and 

healthy people, and R analysis was performed to evaluate the data.

Exosome Labeling and Uptake
SH-SY5Y cells were incubated with BMSCs-derived exosomes for 24 h. Cells were stained with PKH26 at 4°C 
overnight. Subsequently, fluorescent phalloidin was used to stain the cytoskeleton at 4°C. Then, DAPI was used to 
stain the nuclei for 5 min. Fluorescence microscope (magnification, x200; Olympus) was used to observe the result.

Cell Transfection
BMSCs and SH-SY5Y cells were transfected with miR-133a-3p mimics (Genepharma) or negative control (NC, 
Genepharma) by Lipofectamine 2000 in accordance with the protocol of manufacturer.

RT-qPCR
TRIzol (Takara) was used to isolate total RNA, and then PrimeScript RT (ELK bioscience) was used to reverse 
transcribe RNA into cDNA. Next, qPCR was performed using SYBR kit (ELK bioscience) on a 7900HT system. 
The primers used were as follows: for miR-133a-3p, 5’-AGGAACTGATTGGACTCAACTGAA-3’ (forward) and  
5’-CTCAACTGGTGTCGTGGAGTC-3’. (reverse); for DAPK2, 5’-ATTCCCAGTCAGAGGCGCTAT-3’ (forward) 
and 5’-GAACTTGTCTTCCCGTCGTGT-3’ (reverse); for β-actin: 5’-GTCCACCGCAAATGCTTCTA-3’ (forward) 
and 5’-TGCTGTCACCTTCACCGTTC-3’ (reverse) and for U6, 5’-CTCGCTTCGGCAGCACAT-3’ (forward) and 
5’-AACGCTTCACGAATTTGCGT-3’ (reverse). β-Actin or U6 is the internal reference gene. The relative RNA 
levels were quantified using the 2−ΔΔCt method.

CCK-8 Assay
SH-SY5Y cells (5.0×103) were treated with OGD/R, OGD/R + NC, OGD/R + miR-133a-3p mimics, OGD/R + BMSCs/ 
NC-Exo or OGD/R + BMSCs/miR-133a-3p-Exo for 48 h. Afterwards, cells were exposed to 10 μL CCK-8 (Beyotime) 
for another 2 h at 37°C. The absorbance was assessed by microplate reader (Bio-Rad) at 450 nm.

Western Blot Assay
BCA kit (Beyotime) was used for protein quantification. Proteins were separated by 10% SDS-PAGE. Subsequently, 
proteins were blotted onto PVDF membranes. The primary antibodies: anti-CD63 (1:1000), anti-CD9 (1:1000), anti- 
CD81 (1:1000), anti-DAPK2 (1:1000), anti-Akt (1:1000), anti-p-Akt (1:1000), anti-mTOR (1:1000), anti-p-mTOR 
(1:1000), anti-Beclin 1 (1:1000) and anti-β-actin (1:1000) were used to incubate the membranes. Then, secondary 
antibody (HRP-conjugated; 1:5000) was used to incubate the membranes for 1 h. These antibodies were provided with 
Abcam. ECL kit was used for visualization of protein bands.

Elisa
The level of MDA, SOD, GSH-Px and LDH in SH-SY5Y cell supernatants were assessed by ELISA kit (ELK 
biotechnology) in line with the protocol of manufacturer.
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Immunofluorescence
Cells were seeded in 24-well plates overnight. After treatment for 48 h, cells were blocked with 10% goat serum for 30 
min at room temperature and then incubated with anti-EdU or anti-FJB antibody (Abcam, Cambridge, MA, USA; 
1:1000) at 4°C overnight, followed by incubation with goat anti-rabbit IgG (Abcam; 1:5000) at 37°C for 1 h. Then, the 
nuclei were stained with DAPI (Beyotime, Shanghai, China) for 5 min. Finally, cells were observed under a fluorescence 
microscope (Olympus CX23, Tokyo, Japan).

Luciferase Reporter Assays
3’-UTR of DAPK2 containing the putative binding sites of miR-133a-3p was synthetized and obtained from Sangon Biotech 
(Shanghai, China), which were then cloned into the pmirGLO vector (Promega, Madison, WI, USA) to construct wild-type or 
mutate-type reporter vector DAPK2 (WT/MT). The DAPK2 (WT/MT) was transfected into cells together with control, 

Figure 1 Differentially expressed miRNAs between exosomes derived from plasma of healthy people and patients with IS. (A) The extracellular vesicles were extracted 
from the plasma of patients with IS (n=3) or healthy people (n=3). Then, the extracellular vesicles were identified by TEM. (B) The expressions of CD9 and CD63 in 
extracellular vesicles from healthy people and patients with IS were detected by Western blot. (C) The differentially expressed miRNAs between the exosomes from healthy 
people and patients with IS were assessed using heatmap. (D) Volcano plots illustrating the differentially expressed miRNAs in IS. Red indicates a higher expression level, 
while green indicates a lower expression level.
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vector-control (NC) or miR-133a-3p mimics using Lipofectamine 2000 (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. The relative luciferase activity was analyzed by the Dual-Glo Luciferase Assay System (Promega).

TUNEL Staining
Apoptosis was also determined by the TUNEL assay according to the manufacturer’s instructions. Briefly, cells were fixed 
with 4% paraformaldehyde, and then incubated with 50 μL TUNEL reaction mixtures in a wet box for 60 min at 37°C in the 
dark. For signal conversion, cells were incubated with 50 μL of peroxidase (POD) for 30 min at 37°C, rinsed with PBS, and 
then incubated with 50 μL diaminobenzidine (DAB) substrate solution for 10 min at 25°C. Meanwhile, the nuclei was stained 
with DAPI for 5 min. Finally, the expression of apoptotic cells was observed under an optical microscope.

In vivo Experiment
Wistar rats (6-week-old) were bought from Vital River, and they were placed in a condition of specific pathogen-free 
facility. The rats were divided into sham (n=18), MCAO (n=18), MCAO + BMSCs/NC-Exos (n=18) and MCAO + 
BMSCs/miR-133a-3p-Exos (n=18) group. For establishment of in vivo model, rats were treated with 45 mg/kg sodium 
pentobarbital, and a surgical filament was used to occlude the middle cerebral artery (MCA) except sham group. After 1 
h of MCA occlusion, the filament was removed, and reperfusion proceeded. Then, rats in sham and MCAO groups were 
administered with saline through intraventricular. Rats in other two groups were treated with BMSCs/NC-Exos or 
BMSCs/miR-133a-3p-Exos via the brain cavity. Finally, rats were sacrificed after 1 day or 7 days of MCAO treatment, 

Figure 2 MiR-133a-3p upregulation reversed OGD/R-induced apoptosis in SH-SY5Y cells. (A) The expression of miR-133a-3p in plasma of healthy people or patients with 
IS was investigated by RT-qPCR. (B) SH-SY5Y cells were treated with OGD/R. The level of miR-133a-3p in SH-SY5Y cells was tested by RT-qPCR. (C) SH-SY5Y cells were 
transfected with NC or miR-133a-3p mimics. The expression of miR-133a-3p in SH-SY5Y cells was tested by RT-qPCR. (D) SH-SY5Y cells were treated with OGD/R, OGD/ 
R + mimics-ctrl or OGD/R + miR-133a-3p mimics. The viability of SH-SY5Y cells was tested by CCK8 assay. (E) The LDH level in supernatants of SH-SY5Y cells was tested 
by ELISA. (F) The apoptosis in SH-SY5Y cells was tested by TUNEL staining. *P<0.05, **P< 0.01.
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and the brain tissues were collected for the subsequent analysis. All experiments were performed in line with the NIH 
Guide, and Ethics Committees of The First Affiliated Hospital of Nanchang University approved this study. Meanwhile, 
neurological severity scores were evaluated, and Morris Water Maze analysis was performed as previously described.15

TTC Staining
The brain tissues were sliced into sections (2-mm-thick), and TTC (2%, Sigma) reagent was used to incubate the 
sections. Then, the sections were photographed using a digital camera. The cerebral infarction area was presented by 
calculating the percentage of total infarct volume/total brain volume × 100%.

Statistical Analysis
All experiments were repeated three times. Mean ± standard error (SD) was used to express the data. One-way analysis 
of variance (ANOVA) and post hoc Tukey’s tests were used for comparisons between at least three groups. Values of 
P<0.05 indicated significant change.

Figure 3 Exosomal miR-133a-3p derived from BMSCs reversed OGD/R-induced SH-SY5Y cell injury. SH-SY5Y cells were treated with OGD/R, OGD/R + BMSCs/NC-Exo 
or OGD/R + BMSCs/miR-133a-3p-Exo. (A) The level of miR-133a-3p in SH-SY5Y cells was investigated by RT-qPCR. (B) The viability of SH-SY5Y cells was tested by CCK8 
assay. (C) The proliferation of SH-SY5Y cells was detected by EdU staining. (D) The LDH level in supernatants of SH-SY5Y cells was tested by ELISA. (E) The apoptosis in 
SH-SY5Y cells was tested by TUNEL staining. (F–H) The levels of MDA, SOD and GSH-Px in supernatants of SH-SY5Y cells were investigated by ELISA. **P< 0.01.
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Results
Differentially Expressed miRNAs (DEmiRNAs) Between Exosomes Derived from 
Plasma of Healthy People and Patients with IS
Exosomes were isolated from the plasma of healthy people and patients with IS, and then identified by TEM. The typical 
rounded particles (30–150 nm in diameter) were observed (Figure 1A). In addition, CD9 and CD63 were highly 

Figure 4 MiR-133a-3p directly targeted DAPK2. (A) Targetscan was used to predict the downstream mRNA of miR-133a-3p. (B) The relative luciferase activity in WT/MT- 
DAPK2 was detected by dual luciferase assay. (C) SH-SY5Y cells were transfected with mimics-ctrl or miR-133a-3p mimics. The levels of DAPK2 in SH-SY5Y cells were 
tested by RT-qPCR. (D) SH-SY5Y cells were treated with OGD/R, OGD/R + BMSCs/NC-Exo or OGD/R + BMSCs/miR-133a-3p-Exo. The protein levels of DAPK2, Akt, 
p-Akt, mTOR and p-mTOR in SH-SY5Y cells were investigated by Western blot. (E) The level of DAPK2 in plasma of patients with IS and healthy people was tested by RT- 
qPCR. (F) SH-SY5Y cells were treated with OGD/R, OGD/R + BMSCs/miR-133a-3p-Exo or OGD/R + BMSCs/miR-133a-3p-Exo + DAPK2 OE. The apoptosis of SH-SY5Y 
cells was tested by TUNEL staining. **P< 0.01.
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expressed in these isolated vesicles (Figure 1B), suggesting exosomes were collected from plasma of healthy controls and 
patients with IS successfully.

To identify the DEmiRNAs between exosomes derived from plasma of healthy people and patients with IS, RNA 
sequencing was performed. The outcomes were presented with heatmap and volcano plot (Figure 1C and D). Among 
these DEmiRNAs, 5 were downregulated and 9 were upregulated in exosomes derived from plasma of patients with IS 
(Figure 1D). Meanwhile, miR-133a-3p was known to be involved in neuron injury,16 and other differentially expressed 
miRNAs were pre-miRNAs. Thus, we focused on exploring the role of miR-133a-3p in CI/R.

MiR-133a-3p Upregulation Reversed OGD/R-Induced SH-SY5Y Cell Apoptosis
We next explored the role of miR-133a-3p in CI/R. As indicated in Figure 2A, the level of miR-133a-3p was notably 
lessened in plasma of patients with IS compared with that in healthy people. Consistently, miR-133a-3p level was 
significantly downregulated in SH-SY5Y cells exposed to OGD/R (Figure 2B). Additionally, miR-133a-3p level in SH- 
SY5Y cells was notably upregulated by miR-133a-3p mimics (Figure 2C). Moreover, OGD/R markedly inhibited SH- 
SY5Y cell viability, whereas miR-133a-3p upregulation reversed this phenomenon (Figure 2D). Meanwhile, the level of 
LDH in SH-SY5Y cell supernatants was significantly increased by OGD/R, which was partly overturned by miR-133a- 
3p overexpression (Figure 2E). Furthermore, OGD/R notably induced the apoptosis in SH-SY5Y cells, while the 
phenomenon was abolished by upregulation of miR-133a-3p (Figure 2F). Taken together, miR-133a-3p upregulation 
could suppress the apoptosis in SH-SY5Y cells exposed to OGD/R.

Figure 5 Exosomal miR-133a-3p derived from BMSCs alleviated OGD/R-induced SH-SY5Y cell apoptosis via inhibiting the autophagy. SH-SY5Y cells were treated with 
OGD/R, OGD/R + BMSCs/miR-133a-3p-Exo or OGD/R + BMSCs/miR-133a-3p-Exo + Rapamycin. (A) The protein level of Beclin-1 in SH-SY5Y cells was tested by Western 
blot. (B) The viability of SH-SY5Y cells was tested by CCK8 assay. (C) The apoptosis of SH-SY5Y cells was tested by TUNEL staining. **P< 0.01.
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BMSCs Were Successfully Isolated from Mice
It has been reported that BMSCs were able to regulate the progression of CI/R injury.6 Thus, BMSCs were isolated from 
mice and then the efficiency of cell isolation was identified. The data revealed that CD90 and CD29 were highly 
expressed, while CD34 and CD45 were lowly expressed in cells (CD90, CD29, CD34 and CD45 were key markers of 
third-generation BMSCs) (Supplementary Figure 1A and B). In addition, primary BMSCs exerted adipogenic differ-
entiation, while third-generation BMSCs exhibited osteogenic differentiation (Supplementary Figure 1C). In summary, 
BMSCs were successfully isolated from mice, and third-generation BMSCs were selected in subsequent analysis.

MiR-133a-3p Can Be Transferred from BMSCs to SH-SY5Y Cells via Exosomes
BMSCs-derived exosomes were known to act as important mediators in CI/R injury.5 Thus, exosomes were isolated from 
BMSCs, and the isolated extracellular vesicles were identified by NTA. The data showed that the size distribution was 
similar to the exosomes (Supplementary Figure 2A). In addition, the vesicles were rounded particles (30–150 nm in 
diameter) (Supplementary Figure 2B). CD9 and CD81 were highly expressed in extracellular vesicles from BMSCs 
(BMSCs-Exo, BMSCs/NC-Exo or BMSCs/miR-133a-3p-Exo) (Supplementary Figure 2C). To investigate the function of 
exosomes in the crosstalk between BMSCs and SH-SY5Y cells, SH-SY5Y cells were incubated with BMSCs-derived 

Figure 6 Exosomal miR-133a-3p derived from BMSCs markedly attenuated the symptom of CI/R injury in vivo. In vivo middle cerebral artery occlusion (MCAO) model in 
rats was established. At the end of the study, rats were sacrificed and the brain tissues were collected. Then, (A) the brain tissues were pictured, and TTC staining was 
performed to observe the severity of CI/R injury. (B) Cerebral infarction area was detected. (C) The expression of miR-133a-3p in tissues of rats was detected by RT-qPCR. 
(D) The protein levels of DAPK2, Akt, p-Akt, mTOR and p-mTOR in SH-SY5Y cells were investigated by Western blot. **P< 0.01.
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PKH26-labeled exosomes. After incubation for 48 h, PKH26 lipid dye could be found in SH-SY5Y cells, and this result 
indicated that BMSCs-Exo could be transferred to SH-SY5Y cells (Supplementary Figure 2D). Meanwhile, RNase-A did 
not affect miR-133a-3p level in conditioned medium of BMSCs, while miR-133a-3p level in RNase-A-treated condi-
tioned medium of BMSCs was notably inhibited in the presence of Triton-X-100 (Supplementary Figure 2E). The level 
of miR-133a-3p was notably upregulated in BMSCs/miR-133a-3p-Exo compared to that in BMSCs-Exo or BMSCs/NC- 
Exo (Supplementary Figure 2F). Furthermore, miR-133a-3p level in SH-SY5Y cells was significantly upregulated by 
BMSCs/miR-133a-3p-Exo (Supplementary Figure 2G). To sum up, miR-133a-3p can be transferred from BMSCs to SH- 
SY5Y cells via exosomes.

Exosomal miR-133a-3p Derived from BMSCs Reversed OGD/R-Induced SH-SY5Y 
Cell Injury
To detect the function of exosomal miR-133a-3p derived from BMSCs in CI/R injury, SH-SY5Y cells were treated with 
BMSCs/miR-133a-3p-Exo. As shown in Figure 3A, OGD/R-induced inhibition of miR-133a-3p level in SH-SY5Y cells 
was significantly reversed by BMSCs/miR-133a-3p-Exo. In addition, BMSCs/miR-133a-3p-Exo notably abolished OGD/ 
R-induced inhibition of SH-SY5Y cell proliferation (Figure 3B and C). Consistently, BMSCs/miR-133a-3p-Exo notably 
reversed the level of LDH in OGD/R-stimulated SH-SY5Y cells, compared with OGD/R group (Figure 3D). Meanwhile, 
the pro-apoptotic effect of OGD/R on SH-SY5Y cells was partially reversed by BMSCs/miR-133a-3p-Exo (Figure 3E). 
Furthermore, OGD/R notably upregulated the level of MDA and inhibited the level of SOD and GSH-Px in SH-SY5Y 
cells, while that phenomenon was reversed by BMSCs/miR-133a-3p-Exo (Figure 3F–H). In summary, exosomal miR- 
133a-3p derived from BMSCs reversed OGD/R-induced SH-SY5Y cell injury.

Figure 7 Exosomal miR-133a-3p derived from BMSCs attenuated MCAO-induced hippocampal neuronal degeneration. (A) H&E staining was performed to observe the 
histological changes in brain tissues of rats. (B) TUNEL staining was used to investigate the apoptosis in brain tissues of rats. (C) FJB staining was used to detect the 
hippocampal neuronal degeneration. **P< 0.01.
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MiR-133a-3p Directly Targeted DAPK2
To explore the target genes of miR-133a-3p, targetscan was used. As shown in Figure 4A, DAPK2 might be 
a downstream mRNA of miR-133a-3p. Additionally, the luciferase activity in WT-DAPK2 was significantly inhibited 
by miR-133a-3p mimics (Figure 4B). The level of DAPK2 in SH-SY5Y cells was notably downregulated by upregula-
tion of miR-133a-3p (Figure 4C). Meanwhile, expressions of p-Akt and p-mTOR were significantly reduced, and the 
expression of DAPK2 was upregulated in OGD/R-treated SH-SY5Y cells (Figure 4D). However, the effect of OGD/R on 
these proteins was significantly reversed by exosomes with upregulated miR-133a-3p (Figure 4D). Furthermore, DAPK2 
level was remarkably higher in plasma of patients with IS than that in healthy people (Figure 4E). DAPK2 over-
expression greatly reversed the antiapoptotic effect of exosomal miR-133a-3p on OGD/R-treated SH-SY5Y cells 
(Figure 4F). To sum up, miR-133a-3p directly targeted DAPK2.

Exosomal miR-133a-3p Derived from BMSCs Alleviated OGD/R-Induced SH-SY5Y 
Cell Apoptosis via Inhibiting the Autophagy
To explore the relation between exosomal miR-133a-3p and autophagy in CI/R injury, Western blot was used. The 
expression of Beclin-1 in SH-SY5Y cells was notably upregulated by OGD/R, whereas this phenomenon was partially 
abolished by exosomes with upregulated miR-133a-3p (Figure 5A). In addition, exosomal miR-133a-3p reversed OGD/ 
R-induced inhibition of cell proliferation via inhibiting the apoptosis, while that effect o was markedly rescued by 

Figure 8 Exosomal miR-133a-3p derived from BMSCs significantly improved the memory capacity of MCAO rats. (A) The neurological severity scores of rats were tested. 
(B) Morris Water Maze assay was performed to test the memory capacity of rats. (C) The escape latency period of rats were evaluated. *P<0.05, **P< 0.01.
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Rapamycin (Figure 5B and C). Thus, it could be suggested that exosomal miR-133a-3p derived from BMSCs alleviated 
OGD/R-induced SH-SY5Y cell apoptosis via inhibiting the autophagy.

Exosomal miR-133a-3p Derived from BMSCs Markedly Attenuated the Symptom of 
CI/R Injury in vivo
To further confirm the function of exosomal miR-133a-3p in CI/R injury, in vivo model of CI/R was established. As shown in 
Figure 6A and B, the cerebral infraction area in rats was obviously upregulated by MCAO surgery, while exosomal miR- 
133a-3p derived from BMSCs reversed this phenomenon. In addition, MCAO significantly inhibited miR-133a-3p level in 
tissues of rats, while the effect of MCAO was notably rescued by exosomal miR-133a-3p derived from BMSCs (Figure 6C). 
Meanwhile, the expressions of p-Akt, p-mTOR was lessened and DAPK2 level was upregulated in MCAO rats, while these 
changes were reversed by exosomes with upregulated miR-133a-3p (Figure 6D). MCAO notably induced the injury in brain 
tissues of rats, which was significantly reversed by exosomes with upregulated miR-133a-3p (Figure 7A). Besides, MCAO- 
induced apoptosis in brain tissues of mice was markedly restored by exosomes containing miR-133a-3p (Figure 7B). 
Consistently, MCAO induced hippocampal neuronal degeneration in rats, while exosomal miR-133a-3p reversed this 
phenomenon (Figure 7C). The neurological severity scores (NSS) of rats were notably increased by MCAO surgery, 
which were reversed by exosomes with upregulated miR-133a-3p (Figure 8A). The results of Morris Water Maze analysis 
revealed that rats in MCAO + BMSCs/miR-133a-3p-Exo groups exhibited a longer latency time compared with rats in 
MCAO or MCAO + BMSCs/NC-Exo group (Figure 8B and C). Based on the above data, it could be suggested that 
exosomal miR-133a-3p derived from BMSCs markedly attenuated the symptom of CI/R injury in vivo.

Discussion
It has been reported that MSCs-derived exosomes could mediate the progression of CI/R via carrying RNAs. MSCs/ 
plasma-derived small extracellular vesicles were able to prevent the CI/R injury17,18; Li et al suggested that exosomes 
with upregulated miR-150-5p derived from BMSCs could mitigate CI/R injury via targeting toll-like receptor 5.19 

Additionally, exosomes derived from CXCR4-overexpressing BMSC could promote activation of microvascular 
endothelial cells in CI/R Injury.6 In this research, we found BMSCs-derived exosomes was able to suppress the 
progression of CI/R injury via carrying miR-133a-3p. Our research firstly explored the role of exosomal miR-133a-3p 
in CI/R injury, further indicating the mechanism underlying the function of BMSCs-derived exosomes in CI/R injury.

DAPK2 was known to be a key mediator in inflammatory responses.20 In this research, DAPK2 was identified to be the 
downstream mRNA of miR-133a-3p. In addition, DAPK2 could negatively regulate Akt signaling.21,22 Thus, it could be 
suggested that exosomal miR-133a-3p derived from BMSCs upregulated Akt signaling via targeting DAPK2. Meanwhile, 
Jiang et al found that DAPK2 could promote the inflammatory responses via activation of NF-κB signaling.23 Our study was 
similar to the previous research. NF-κB signaling activation could lead to the inflammatory responses,24,25 and Akt inactiva-
tion could aggravate cell injury.26 Therefore, the similar function between NF-κB and Akt might contribute to this similarity.

Akt/mTOR signaling is known to be a vital mediator in autophagy.27,28 In addition, Beclin-1 played a key role in 
progression of autophagy.29 Hence, our finding revealed that exosomal miR-133a-3p derived from BMSCs could inhibit 
the progression of CI/R injury via mediation of Beclin-1 and Akt/mTOR signaling.

Indeed, there are some limitations in this study as follows: 1) some other miRNAs which participated in development 
of CI/R injury remain unexplored; 2) more targets of miR-133a-3p in CI/R injury are needed to be investigated. 
Therefore, more analysis are essential in coming future.

In summary, exosomal miR-133a-3p derived from BMSCs alleviates CI/R injury via targeting DAPK2. Thus, our 
study might supply a theoretical basis for exploring new targets against CI/R injury.
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