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Upregulation of Extracellular Vesicles-Encapsulated miR-132 Released From Mesenchymal Stem Cells Attenuates Ischemic Neuronal Injury by Inhibiting Smad2/c-jun Pathway via Acvr2b Suppression
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Ischemic cerebrovascular disease is a significant and common public health issue worldwide. The emerging roles of mesenchymal stem cells (MSCs)-derived extracellular vesicles (EVs) in ischemic neuronal injury continue to be investigated. The current study aimed to investigate the role of EV-derived miR-132 from MSCs in ischemic neuronal injury. EVs were initially isolated from bone MSCs (BMSCs) and subsequently evaluated. A middle cerebral artery occlusion (MCAO) mouse model was constructed with the neurological function evaluated through a series of neurological scores, a pole test, and a foot fault test. Histopathological changes, neuron viability, and apoptosis, as well as cerebral infarction, were detected by hematoxylin and eosin (HE) staining and 2,3,5-triphenyltetrazolium hydrochloride (TTC) staining. The targeting relationship between microRNA (miR)-132 and Activin receptor type IIB (Acvr2b) was further confirmed based on dual-luciferase reporter gene assay results. Loss- and gain-of-function assays were conducted to elucidate the role of miR-132, EV-derived miR-132, Acvr2b, and Smad2 in oxygen-glucose deprivation (OGD)-treated neurons, and in mice models. Neuronal cell viability and apoptosis were evaluated via Cell Counting kit-8 (CCK-8) and flow cytometry. Our results indicated that Acvr2b was highly expressed, while miR-132 was poorly expressed in the MCAO mice and OGD-treated neurons. Acvr2b silencing or upregulation of miR-132 led to an elevation in neuronal activity, decreased neuronal apoptosis, reduced expression of Bax, and cleaved-caspase 3, as well as increased Bcl-2 expression. Acvr2b expression was targeted and inhibited by miR-132. EV-derived Acvr2b promoted activation of phosphorylated-Smad2 (p-Smad2)/c-jun signaling pathway, ultimately inducing neuronal injury. Our study provides evidence demonstrating that the overexpression of c-jun inhibits the protective role of MSCs-derived EV-miR-132 in neuronal injury. Upregulation of EV-derived miR-132 released from MSCs attenuates ischemic neuronal injury by inhibiting Smad2/c-jun pathways via the suppression of Acvr2b.
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INTRODUCTION

Tissue injury caused by I/R has been well documented to be a significant cause of morbidity and mortality sprouting from various pathological etiologies, such as myocardial infarction and ischemic stroke (Yu et al., 2019; Mai et al., 2020). Brain injury following cerebral ischemia has been reported as a consequence of various pathological processes, including excitotoxicity, inflammation, and apoptosis (Du et al., 2010; Launey et al., 2020). Cerebral I/R has been demonstrated to induce neuronal death through several biologically feasible pathways (Luo et al., 2020). Research into ischemic neuronal injury therapy continues to be a topic of significant interest. For example, treatment with ischemic premelatonin has been shown to alleviate acute neuronal injury after ischemic stroke (Feng et al., 2017). Combined gene therapy has also been implicated as a mitigating factor in neuronal injury in mice with focal ischemic injury (Molcho et al., 2018).

Various miRs have been implicated in many human disease processes, including ischemic stroke, many of which have been identified clinical diagnostic and therapeutic targets (Zhang et al., 2016). Accumulating evidence has suggested miRs are particularly abundant in brain and play significant roles in the development and maintenance of neuronal phenotypes (Saugstad, 2010). The ability of miR-132 to manipulate major target genes involved in neuronal apoptosis and adaptation induced by neuronal stress has been recently reported (Sessa et al., 2019). The downregulation of miR-132 has been identified in studies involving MCAO mice and OGD-treated neurons, while the overexpression of miR-132 has been suggested to alleviate brain injury in MCAO mice and protect hippocampal neurons from OGD-induced apoptosis (Zuo et al., 2019). Existing literature has documented that bone MSCs (BMSCs)-derived EVs may play a contributory role in the improvement of ischemic neuronal injury while EVs have also been noted to display an abundant expression of miR-132 (Ma et al., 2018; Xiao et al., 2018). MSCs play a crucial regulatory role in cellular homeostasis by secreting exosomes, EVs, and cytokines (Kou et al., 2018). During the current study, miR-132 was predicted to bind to Acvr2b mRNA. Activins are members of TGF-β promoter ligand family which possesses a wide array of biological functions in embryonic stem cells and in differentiated tissues (Olsen et al., 2015). Acvr2b has been previously predicted as one of the downstream targets of miR-132 (Jiang et al., 2015). Overexpression of Acvr2b has been previously detected in neuron injury and has been speculated to aggravate neuron injury (Looney et al., 2017). Furthermore, studies have indicated that Acvr2b promotes the expression of p-Smad2 (Gao et al., 2018). As a notable element in intracellular signal transduction of TGF-β (Gotoh et al., 2020), Smad2 and p-Smad2 have been reported to upregulate the expression of c-jun (Nyati et al., 2011). Transcription factor c-jun responds to JNK and Ras/MAPK signals to control key cellular behavior, including proliferation and apoptosis (Chakraborty et al., 2015). Another study concluded that p-Smad2 and c-jun expression are both upregulated in cerebral I/R injury, which induces neuronal injury (Wang S. et al., 2016). Following the aforementioned exploration of literature, the current study aimed to investigate whether EV-derived miR-132 released from MSCs could attenuate ischemic neuronal injury through regulation of Acvr2/Smad2/c-jun axis.



MATERIALS AND METHODS


Ethical Approval

The study protocol was approved by the Ethics Committee of the Shandong Provincial Hospital and performed in strict adherence with the Declaration of Helsinki. All animal experiments were conducted in accordance with Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health, and approved by the Animal Ethics Committee of Shandong Provincial Hospital.



Mouse Model of MCAO

A total of 96 healthy adult male C57BL/6J mice (weighting 22–25 g) were purchased from Shanghai Lab. Animal Research Center. The mice were initally housed in a controlled environment (at a standard temperature of 22°C and a humidity of 70%), under standard conditions of controlled light (12/12 h) and granted free access to food and water. Next, 72 MCAO-operated mice were anesthetized via intraperitoneal injection of 1% sodium pentobarbital (P3761; Sigma–Aldrich, St. Louis, MO, United States). Next, the scalp of mice was cut open with the skull subsequently exposed and connected to cerebral blood flow monitor. A 1-cm long median longitudinal incision was made from the mandible to sternal stalk in an attempt to identify the left carotid sheath, the common carotid artery, external carotid artery, as well as the internal carotid artery. The proximal end of common carotid artery was double ligated, the external carotid artery was separated and ligated, after which the internal carotid artery was separated. The internal carotid artery was clipped with a micro-arterial clip, with a small opening made into the wall of external carotid artery. The head end plugged with suture (0.23 mm in diameter of head end and 0.18 mm in diameter of trunk) was inserted into common carotid artery, after which 5/0 suture was employed to ligate the opening of the external carotid artery. An arterial clamp was subsequently removed and suture was extended to internal carotid artery, then up to middle cerebral artery (at a depth of 12.0 mm). Later, the blood flow signal using a cerebral blood flow monitor was analyzed (A decline to around 20% was indicator), with the wound then covered using cotton (soaked with 0.9% sodium chloride injection). After 1 h of occlusion, the suture was removed, followed by double-ligation between entrance of external carotid artery suture and bifurcation of internal carotid artery. The suture on common carotid artery was untied and blood flow from common carotid artery to internal carotid artery was restored. The scalp was sutured until cerebral blood flow as depicted by a flow monitor indicated a return to 100%. The remaining 24 mice were sham-operated whose middle cerebral arteries were not inserted with suture. During the operative procedures, body temperature of mice was maintained, while food and water were freely available post-operation.

The experimental models were successfully established in 60 mice reflected by a success rate of 83.33%. A total of 24 mice served as the MCAO mouse models, while the remaining MCAO mice were administered with EVs derived from MSCs co-transfected with mimic-negative control (NC) + oe-NC (EV-mimic-NC + oe-NC), with miR-132-mimic + oe-NC (EV-miR-132 mimic + oe-NC) or with miR-132 mimic + oe-c-jun respectively (n = 12). Briefly, corresponding adenovirus (ADV) were injected via the cerebral ventricle 2 h prior to MCAO establishment. Following anesthesia, the mice were placed on a stereotactic head frame (RWD Life Science Co., Ltd., San Diego, CA, United States). A middle line incision was made at the head region after which a hole was drilled into the right side of the skull (0.5 mm posterior and 1.0 mm lateral to bregma). A Hamilton syringe was subsequently used to load and inject 4 μL of ADV into ventricle (2.5 mm vertically) at 0.2 μL/min via micro-injection pump (KDS 310; KD Scientific Inc., Holliston, MA, United States), and needle was retained for 5 min after injection to prevent leakage. After the needle was removed, drilled hole was blocked and incision was immediately sutured (Zuo et al., 2019). Lastly, 24 h-post MCAO, 0.2 mL of phosphate-buffered saline (PBS) containing 200 μg EVs was injected through tail vein, whereas the same amount of PBS was injected in 24 MCAO mouse models as controls (Zhang et al., 2019).



OGD Treatment

One-day-old C57BL/6J mice were placed in HBSS (14170112; Gibco Life Technologies, Grand Island, NY, United States) supplemented with 1 mM sodium pyruvate (11360070; Gibco) and 10 mM HEPES (15630080; Gibco) in the absence of Ca2+ and Mg2+. The hippocampus was then detached in HBSS containing 0.125% trypsin (25200056; Gibco) at 37°C for 10 min. The hippocampus was then dispersed into a single cell suspension. DMEM containing 10% FBS was then added to terminate detachment (10569044; Gibco). The dispersed hippocampus was then stood for 3 min. The supernatant was subsequently transferred to a new centrifuge tube and centrifuged at 2000 r/min for 2 min. The pellet was then added with B-27 (17504044; Gibco), 0.5 mM L-glutamine (25030081; Gibco), 20 IU/mL penicillin, and 20 IU/mL Streptomycin (15070063; Gibco) in Neurobasal medium (21103049; Gibco). The single cells were seeded at 4 × 106 cells/well into a six-well plate coated with PDL (100 μg/mL) (A3890401; Gibco). The cells were then cultivated at 37°C under humidified atmosphere conditions comprised of 5% CO2 in an incubator. Half of glutamate-free fresh medium was replaced every 2–3 days. The purity of neurons was confirmed to be approximately 95%. Follow-up experiments were performed after 7 days of culture.

After the neurons had been infected with corresponding lentivirus for 6 h, medium was replaced with a new medium. After 18–24 h of culture, neurons were exposed to OGD conditions (Xu et al., 2020). In order to simulate neuronal hypoxia-ischemia in vitro, neurons were treated with OGD. The original medium was discarded and added with glucose-free DMEM (11966025; Gibco), and incubated in anaerobic chamber with 5% CO2 and 95% N2 for 4 h, while that of the normal controls were cultured in DMEM (SLM-020-A; Sigma–Aldrich) over a 4 h period. After OGD treatment had been performed, all neurons were switched to culture with Neurobasal medium in a 5% CO2 incubator at 37°C for 24 h. Neurons were infected with lentiviruses containing sh-NC, sh-Acvr2b-1, sh-Acvr2b-2, mimic-NC, miR-132 mimic, EV-mimic-NC, EV-miR-132 mimic, EV-mimic-NC + vector, EV-miR-132 mimic + vector, EV-miR-132 mimic + Acvr2b, short hairpin RNA (sh)-NC + oe-NC, sh-Acvr2b + oe-NC, sh-Acvr2b + oe-c- jun, EV-mimic-NC + oe-NC, EV-miR-132 mimic + oe-NC, EV-miR-132 mimic + oe-c-jun. All lentiviruses were purchased from Sangon (Shanghai, China), while the primer sequences and plasmid construction completed by Sangon.



Neurological Scores

A blinded investigator performed the neurological examination which was scored 24 h after MCAO (Garcia et al., 1995). The scoring system was comprised of seven sub-tests, including spontaneous activity, symmetry in movement of four limbs, forepaw outstretching, climbing, body proprioception, response to vibrissae touch, and beam walking. Neurological scores ranged from 3 (most severe deficits) to 21 (normal).



Behavioral Testing

Pole test was performed 24 h post operatively. The mice were placed on a vertical wooden pole with 50 cm in length, 8 mm in diameter, and a rough surface. The time taken for mouse to turn completely head downward (Tturn) and total time taken to descend down and reach floor with its four paws (Ttotal) were both recorded.

The foot fault test was also conducted 24 h after operation. Briefly, mice were placed on a horizontal grid floor elevated above surface and allowed to walk for 2 min. A foot fault was recorded in the event of the mouse’s foot miss-stepping on the grid or when the foot fell downward through the openings between the grids. All four limbs were observed for misses. The percentage of total foot faults was recorded and calculated.



Hematoxylin and Eosin (HE) Staining

Complete hippocampus sections were selected and dried at room temperature. The sections were fixed with paraformaldehyde for 30 s at room temperature and stained with hematoxylin (60°C) for 60 s. Next, differentiation was performed by adding 1% acid alcohol for 3 s, followed by staining with eosin for 3 min. Dehydration was performed using ethanol at a concentration of 70%, 80%, 95%, and absolute ethanol for 5 min, followed by dewaxing with Xylene for 5 min (three times). Finally, the sections were transparently sealed with neutral gum, with the lesions degree evaluated under a microscope (BX63; Olympus Corporation, Japan).



Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End-Labeling (TUNEL) Staining

TUNEL staining was performed using an Apoptosis detection kit (C1098; Beyotime, Shanghai, China). Briefly, the sections were dewaxed with xylene for 5 min (twice), followed by dewaxing using absolute ethanol, 90% ethanol for 2 min, 70% ethanol or distilled water for 5, 2, 2, or 2 min, respectively. Next, 20 μg/mL of DNase-free proteinase K was added in a dropwise manner with the neurons then treated at 37°C for 15 min. Next, 50 μL of TUNEL detection solution was added to the sample and incubated at 37°C for 60 min under conditions void of light. Finally, the sections were mounted using 4’,6-diamidine-2-phenylindole (DAPI) with cell apoptosis evalutated under a fluorescence microscope (BX63; Olympus).



2,3,5-Triphenyltetrazolium Hydrochloride (TTC) Staining

One week post modeling, the mice brains were collected, sectioned coronally at 1 mm interval, and stained with TTC at 37°C for 20 min. The brain sections were then fixed in 2% paraformaldehyde and photographed with a digital camera (IXUS175, Canon, Tokyo, Japan). The infarcted area exhibited white and non-infarcted area was pink. ImageJ software was utilized to quantify infarcted area of section. The infarct volume was calculated based on previous research methods (Zuo et al., 2019).



Isolation and Cultivation of BMSCs

C57BL/6J mice were administered with an intraperitoneal injection of 3% sodium pentobarbital. Bone marrow was collected from femurs and tibias under aseptic conditions. Proximal and distal bones were collected with the bone marrow cavity exposed. The bone marrow was repeatedly flushed with 6 mL of DMEM and centrifuged. The collected bone marrow was suspended in DMEM/F12 (1:1) (11330032; Gibco), supplemented with 10% FBS (10099141; Gibco) and 1% penicillin-streptomycin (15070063; Gibco). The suspension was subsequently cultured under 5% CO2 incubator at 37°C for 48 h. The medium was replaced every 2–3 days in order to discard any non-adherent cells and debris. When the cells reached 70–80% confluence, 0.25% trypsin (SM-2001; Sigma–Aldrich) was added followed by cell passage on three separate occasions. BMSCs were identified using flow cytometry with CD29 (12-0291-82; Thermo Fisher Scientific, Waltham, MA, United States), CD44 (14-0441-82; Thermo Fisher Scientific), SCA-1 (17- 5981-82; Thermo Fisher Scientific), CD31 (11-0311-82; Thermo Fisher Scientific), FLK-1 (13-5821-82; Thermo Fisher Scientific), and CD45 (14-0451-82; Thermo Fisher Scientific). Alizarin red staining (ST1078; Beyotime) was applied to detect osteogenic differentiation ability of BMSCs. Oil Red O staining (E607319; Sangon) was employed to determine the adipogenic differentiation ability of BMSCs. Alcian Blue staining was employed to measure chondrogenic differentiation of BMSCs (A600298; Sangon) (Lin et al., 2018). BMSCs were either transfected with plasmids containing mimic-NC or miR-132 mimic.



Isolation and Identification of EVs

The BMSC medium was replaced with serum-free medium. BMSCs were centrifuged at 300 g for 10 min, followed by another 2000 g for another 10 min. The BMSCs medium supernatant was then harvested and ultra-centrifuged at 100,000 g for 1 h at 4°C. The precipitate was resuspended with 200 μL PBS and stored at −80°C.

A TEM was adopted to identify structure of EVs. Briefly, 30 μL of EVs was added in a dropwise manner on a copper wire. After standing for 1 min, EVs were blotted from side with filter paper, 30 μL of phosphotungstic acid solution (pH 6.8) was added dropwise, and counter-stained at room temperature for 5 min. The EVs were dried via exposure to incandescent light bulb, followed by observation under a Tecnai 10 TEM (FEI Company, Hillsboro, OR, United States). The EV-related protein levels including CD9, CD63, and TSG101 and endoplasmic reticulum-derived protein CANX were detected by western blot analysis.

Dynamic light scattering was employed to determine the diameter of the EVs. Briefly, Zetasizer Nano-ZS90 (Malvern Panalytical, Malvern, United Kingdom) was applied to excite the light wavelength (λ = 532 nm). EV samples were diluted with 0.15 M NaCl to appropriate level of optical signal detection (the ratio was 1: 50). The particles were illuminated by the laser, with their movement captured for 60 s. The recorded movements were analyzed using Nanosight particle tracking software [Version nanoparticle tracking analysis (NTA) 3.1] to calculate EV the concentrations and size distribution. Particles with diameters between 30 and 120 nm were considered successfully isolated EVs, with the EVs applied at a concentration of 10 μg/mL for 24 h (Koritzinsky et al., 2017). PKH67 (Green)-labeled EVs were co-cultured with neurons and uptake of EVs by neurons was observed under a confocal fluorescence microscope (FV1000, Olympus).



Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)

The total tissue or RNA was extracted using Trizol (16096020; Thermo Fisher Scientific). The miRs were synthesized using a miRNA first-strand cDNA (tailing method) kit (B532451; Sangon), whereas mRNA was synthesized using cDNA first-strand synthesis kit (D7168L; Beyotime) in accordance with the manufacturer’s instructions. RT-qPCR experiments were performed using an RT-qPCR kit (Q511-02; Vazyme Biotech Co., Ltd., Nanjing, China) in line with manufacturer’s protocol. PCR amplification was performed using a Bio-Rad real-time PCR instrument CFX96. U6 was employed as a miR-132 internal reference while GAPDH was regarded as an internal reference for Acvr2b. The U6 primers and universal downstream primers were provided by miR reverse transcription kit. The primer sequences of miR-132, Acvr2b, and GAPDH were designed and provided by Sangon. The primer sequences are depicted in Table 1. ΔΔCt = ΔCt experimental group −ΔCt control group, where ΔCt = Ct (target gene) − Ct (internal reference).


TABLE 1. RT-qPCR primer sequences.
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Western Blot Analysis

A radioimmunoprecipitation assay containing phenylmethylsulfonyl fluoride (P0013B; Beyotime) was added to the tissue and cell lysate for total protein extraction. The nuclear and cytoplasmic protein was extracted using kit (P0028; Beyotime) as per the manufacturer’s instructions. Next, 8–12% sodium dodecyl sulfate gel was used for gel-electrophoretic separation. The proteins on gel were then electro-transferred onto a polyvinylidene fluoride membrane (1620177; Bio-Rad, Hercules, CA, United States). The membrane was then blocked with either 5% skim milk or 5% bovine serum albumin at room temperature for 1 h, followed by the introduction of primary rabbit anti-mouse monoclonal antibodies (Abcam, Cambridge, United Kingdom) against GAPDH (ab181602; 1: 5000), Acvr2b (ab180185; 1: 1000), Smad2 (ab63576; 1: 1000), p-Smad2 (ab53100; 1: 1000), c-jun (ab31419; 1: 1000), CD9 (ab92796; 1: 1000), CD63 (ab217345; 1: 1000), Tumor Susceptibility Gene 101 (TSG101; ab125011; 1: 1000), CANX (ab22595; 1: 1000), B-cell lymphoma-2 (Bcl-2; ab182858; 1: 1000), Bcl-2-Associated X (Bax; ab32503; 1:1000), Cleaved-Caspase 3 (ab49822; 1:1000), and Caspase 3 (ab13847; 1:1000) for overnight incubation at 4°C. The following day, tge membrane was washed three times with TBST for 1 min at room temperature (5 min per wash). Horseradish peroxidase-labeled goat anti-rabbit Immunoglobulin G secondary antibody (ab6721; 1:5000, Abcam) was then added dropwise to membrane and incubated at room temperature for 1 h. Under room temperature conditions, the membrane was washed three tines with TBST, each time for 5 min. Next, the membrane was immersed in electrochemiluminescence reaction solution (1705062; Bio-Rad) at room temperature for 1 min. The membrane was then subjected to an Image Quant LAS 4000C gel imager (General Electric Company, Boston, MA, United States). The total protein of the cells was determined using GAPDH as an internal reference, with the ratio of gray value of target band to internal reference band was used as relative expression level of protein. The expression level of each protein was detected.



Cell Counting Kit-8 (CCK-8) Assay

After the neurons were treated with OGD and recovered, cell proliferation was determined by using CCK-8 kit (GK10001; GLPBIO, Montclair, CA, United States) based on the manufacturer’s instructions. Briefly, 20 μL of CCK-8 reagent was added to each well, with the neurons mixed and incubated in cell incubator for 4 h. Cell viability (%) was calculated based on the following formula: (A450 of test well/A450 of control well) × 100. A cell viability histogram was subsequently plotted based on the data obtained.



Flow Cytometry

Apoptosis was detected using Annexin V-FITC and PI kit (C1062L; Beyotime). Neurons were treated, cultured in an incubator for 48 h, and collected in a 200 μL buffer, followed by supplementation with 10 μL Annexin V-FITC and 5 μL PI for 15 min at room temperature under conditions void of light. Next, 300 μL buffer was added followed by the use of flow cytometry (Becton, Dickinson and Company, Franklin Lake, NJ, United States) to detect cell apoptosis and subsequently calculate the rate of apoptosis.



Lactate Dehydrogenase (LDH) Secretion

The LDH leakage was performed to evaluate neuronal damage using an LDH-cytotoxicity assay kit (CYTODET-RO, Sigma–Aldrich) in strict adherence with the manufacturer’s instructions. The neuronal medium was collected following OGD treatment, neurons were then centrifuged to obtain supernatant and lyzed with 1% Triton X-100 (T9284, Sigma–Aldrich), followed by centrifugation to remove cellular debris and cell lysate was obtained. The cell supernatant and cell lysate were incubated with LDH reaction mixture at 37°C for 15 min. The absorbance was read at 490 nm using a microplate reader when the reaction was terminated, and LDH release was expressed as a percentage of total LDH.



Dual-Luciferase Reporter Gene Assay

An online analysis website http://mirdb.org/was explored to predict possible binding site between miR-132 and Acvr2b. A Dual-luciferase reporter gene assay was subsequently conducted to verify their targeting relationship. Acvr2b mRNA 3’ UTR gene fragment [Acvr2b wild type (Wt)] and mutant fragment [Acvr2b mutant type (Mut)] targeted to miR-132 were synthesized, introduced into pGL3-basic vector (E1751; Promega Corporation, Madison, WI, United States), and digested with restriction enzyme T4 DNA ligase (M0204S, New England, Biolabs, Beverly, MA, United States) in order to insert a target fragment into pGL3 vector. Renilla fluorescent plasmid and constructed luciferase reporter plasmid transfected with mimic-NC and miR-132 mimic were then co-transfected into HEK293T cells, respectively. The transfected HEK293T cells were placed into a 5% CO2 and 37°C saturated humidity incubator for further cultivation. The cells were then collected and lyzed 48 h after transfection. The Dual-Luciferase® Repeater Assay System Kit (E1910, Promega Corporation) was employed in GloMax® 20/20 Luminometer (E5311, Promega Corporation) for luciferase activity. All vectors were constructed by Sangon.



Immunohistochemistry

Tissue sections were dewaxed and rehydrated with xylene and graded alcohol, followed by incubation in a citrate solution for 10 min for antigen retrieval. The tissue sections were subsequently blocked with 1% bovine serum albumin for 2 h at room temperature and incubated with rabbit anti-mouse Acvr2b antibody (ab128544; 1: 100, Abcam) at 4°C overnight, followed by incubation with goat anti-rabbit secondary antibody (ab6721; 1: 500, Abcam) at room temperature for 45 min. Finally, the sections were developed using a DAB kit (P0203, Beyotime, Shanghai), and analyzed under a microscope (BX63, Olympus, Japan).



Statistical Analysis

All statistical analyses were performed using SPSS 21.0 (IBM, Armonk, NY, United States). Measurement data were expressed as the mean ± standard deviation based on the results of three independent tests. An unpaired t-test was conducted to compare data between two groups. One-way ANOVA was conducted for multiple group comparisons, followed by the application of a Tukey’s post hoc test. Statistical significance was reflected by p < 0.05.



RESULTS


Acvr2b Expression Was Highly Expressed in MCAO Mice and OGD-Treated Neurons

Existing literature has indicated that Acvr2b is highly expressed in neonatal HIE neuron injury while highlighting its correlation to HIE severity (Looney et al., 2017). To further verify the role of Acvr2b in ischemic neuron injury, a MCAO mouse model and OGD neuron model were constructed. The neurological score results provided evidence of the MCAO mice neurological score 24 h post-surgery was markedly decreased when compared to sham-operated mice (Figure 1A). The foot fault test revealed that number of stomping on right injured limb in MCAO mice was increased when compared to sham-operated mice (Figure 1B). The Pole test results provided revealed that the time taken for MCAO mice to turn 180° headfirst (Tturn) and to reach ground (Ttotal) were significantly longer on day 1 and 3 relative to the sham-operated mice (Figure 1C). HE staining exhibited that pathological changes in MCAO mice was more distinct than those in sham-operated mice (Figure 1D). TUNEL staining displayed that apoptotic rate of neurons in MCAO mice was strikingly higher compared to that of sham-operated mice (Figure 1E). TTC staining analyzed that infarct volume in MCAO mice was dramatically raised when compared to that observed in sham-operated mice (Figure 1F). The aforementioned results provided verification of the successful establishment of MCAO mouse model. RT-qPCR and immunohistochemistry methods demonstrated that Acvr2b expression was remarkably upregulated in MCAO mice in comparison with that in sham-operated mice (Figures 1G,H). RT-qPCR and western blot analysis displayed that Acvr2b expression was elevated in neurons exposed to OGD conditions (Figures 1I,J). Taken together, the results obtained indicated that Acvr2b was highly expression expressed in MCAO mice and OGD-exposed neurons.
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FIGURE 1. Upregulation of Acvr2b expression was observed in MCAO mice and OGD-treated neurons. (A) Neurological score was evaluated in sham-operated mice and MCAO mice (n = 6/group). (B) The number of mouse’s foot miss-steps measured using foot fault test. (C) Time taken for mice to turn 180° headfirst (Tturn) and to reach ground detected by pole test. (D) Pathological changes of hippocampal tissues were observed using HE staining (200×). (E) Apoptotic rate of neurons examined using TUNEL staining (400×). (F) Infarct volume detected using TTC staining. (G) The expression of Acvr2b examined using RT-qPCR. (H) The expression of Acvr2b in mice detected using IHC staining (400×). (I) The mRNA expression of Acvr2b in OGD-treated neurons measured by RT-qPCR. (J) The protein expression of Acvr2b in OGD-treated neurons measured using western blot analysis normalized to GAPDH. *p < 0.05 vs. sham-operated mice or normal controls. The data between two groups were compared using unpaired t-test.




Silencing of Acvr2b Has a Protective Effect on Neuronal Injury

Next, to further elucidate the effect of Acvr2b on neuronal apoptosis, RT-qPCR and western blot analyses were performed to assess the silencing efficiency of Acvr2b in OGD-exposed neurons. The results obtained revealed that expression of Acvr2b in neurons transfected with sh-Acvr2b-1 and sh-Acvr2b-2 was lower than that in sh-NC transfected neurons (Supplementary Figures S1A,B). sh-Acvr2b-1 exhibited the highest silencing efficiency in the neurons and was selected for subsequent experiments. The CCK-8 results provided evidence attesting that the neuronal viability was significantly decreased in both OGD-treated neurons. However, neurons transfected with sh-Acvr2b displayed enhanced neuronal activity (Figure 2A). LDH leakage was detected via LDH secretion, with the results demonstrating that the OGD-treated neurons had a greater degree of LDH release. Additionally, LDH leakage in sh-Acvr2b transfected neurons was lowered (Figure 2B). The flow cytometry results revealed that the OGD-treated neurons exhibibted an augmented apoptotic rate. Moreover, apoptotic rate in sh-Acvr2b transfected neurons was markedly decreased (Figure 2C). The western blot analysis results of revealed that Bcl-2 expression in sh-Acvr2b transfected neurons was elevated, while Bax and Cleaved-caspase 3 expression was markedly declined, whereas Caspase 3 expression remained unchanged (Figure 2D). The aforementioned results revealed that silencing of Acvr2b could confer protection against neuron injury.
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FIGURE 2. Silencing of Acvr2b exerts a protective effect on neuronal injury. (A) Neuronal viability after silencing of Acvr2b assessed by CCK-8. (B) LDH leakage after silencing of Acvr2b detected by LDH secretion. (C) Apoptotic rate after silencing of Acvr2b evaluated using flow cytometry. (D) The expression of Bcl-2, Bax, and Cleaved-caspase 3 and protein expression of Caspase 3 after silencing of Acvr2b determined by western blot analysis normalized to GAPDH. *p < 0.05 vs. normal controls. #p < 0.05 vs. sh-NC transfected neurons. An unpaired t-test was performed for comparisons of data between two groups. One-way ANOVA was conducted for multiple group comparisons, followed by Tukey’s post hoc test.




MiR-132 Targets and Inhibits Expression of Acvr2b

Prior studies have proposed the notion that miR-132 confers neuronal protection against OGD-induced apoptosis and its upregulation resulted in attenuated cerebral injury in MCAO mice (Sun et al., 2017; Zuo et al., 2019). In this study, RT-qPCR results demonstrated that miR-132 expression in MCAO mice was notably downregulated when compared to that in sham-operated mice (Figure 3A), whule the expression of miR-132 was notably decreased in OGD-treated neurons when compared to that in normal controls (Figure 3B). In subsequent experiments, online analysis site http://mirdb.org/ was adopted to predict targeted binding site of miR-132 to 3’UTR of Acvr2b mRNA (Figure 3C). The RT-qPCR results revealed that miR-132 expression in miR-132 mimic transfected neurons and HEK293T cells was elevated when compared with mimic-NC transfected neurons and HEK293T cells (Supplementary Figures S2A,B). Dual-luciferase reporter gene assay results provided evidence indicating that HEK293T cells co-transfected with miR-132 mimic and Acvr2b Wt induced decreased fluorescence activity in comparison with that co-transfected with mimic-NC and Acvr2b Wt, while replacement with Acvr2b Mut transfected cells failed to exhibit a significant difference (Figure 3D). The RT-qPCR and western blot analysis results revealed that Acvr2b expression in HEK293T cells transfected with miR-132-mimic was markedly declined (Figures 3E,F). The aforementioned results suggested that miR-132 could target and repress Acvr2b expression.
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FIGURE 3. MiR-132 targets and represses Acvr2b expression. (A) miR-132 expression in MCAO mice measured using RT-qPCR. (B) The expression of miR-132 in neurons detected using RT-qPCR. (C) The targeting relationship between miR-132 and Acvr2b mRNA at 3 ‘UTR predicted by online website (http://mirdb.org/). (D) The targeting relationship between miR-132 and Acvr2b verified by using dual-luciferase reporter gene assay. (E) Acvr2b mRNA expression after overexpressing miR-132 expression examined using RT-qPCR. (F) The protein expression of Acvr2b after overexpressing miR-132 expression determined by western blot analysis normalized to GAPDH. *p < 0.05 vs. sham-operated mice (n = 6/group), normal controls or mimic-NC transfected HEK293T cells. An unpaired t-test was performed for comparisons of data between two groups.




EV-Derived miR-132 Released From MSCs Mitigates Neuronal Injury by Targeting and Suppressing Acvr2b Expression

Bone MSCs-released EVs were proposed to alleviate ischemic neuron injury and were found abundant in miR-132 (Ma et al., 2018; Xiao et al., 2018). Hence, we speculated that miR-132 may be derived from MSCs-released EVs and target Acvr2b. In order to evaluate this hypothesis, we identified BMSCs isolated from mice in vitro. The flow cytometry results indicated that CD29 (97.12%), CD44 (99.03%), and SCA-1(96.18%) were highly expressed while CD31 (5.27%), FLK-1 (4.86%), and CD45 (5.48%) were poorly expressed. Besides, results indicating the directional differentiation ability of the BMSCs revealed that cultured cells were capable of osteogenic, lipogenic and chondrogenic differentiation (Figure 4A), suggesting that the BMSCs had been successfully isolated. Transmission electron microscopy revealed a clear membrane bound on EVs (Figure 4B). EVs were detected to be varied in size from 30 to 120 nm by DLS (Figure 4C). The protein expression of the EV-related proteins CD9, CD63, TSG101, and endoplasmic reticulum calcium-binding protein (CANX) were determined via western blot analysis, the results of which demonstrated that CD9, CD63, and TSG101 were highly expressed while CANX was not expressed in EVs (Figure 4D). These results indicated that the EVs had been successfully extracted from the MSCs. Confocal fluorescence microscopy exhibited that uptake of PKH67-EVs by neurons was distinct 48 h after co-culture (Figure 4E), suggesting that EVs could be transferred to neuronal cells.
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FIGURE 4. EV-derived miR-132 from MSCs attenuates neuron injury by targeting and repressing Acvr2b expression. (A) BMSCs directed differentiation was detected (200×). (B) Structural diagram of EVs observed by transmission electron microscopy (100 nm). (C) The size of EVs measured using dynamic light scattering. (D) EV-related protein bands determined by western blot analysis normalized to GAPDH. (E) The uptake of EVs by neurons observed under confocal fluorescence microscopy (400×). (F) The expression of miR-132 and Acvr2b in neurons detected by RT-qPCR. (G) The protein expression of Acvr2b in neurons detected by western blot analysis normalized to GAPDH. (H) The expression of miR-132 and Acvr2b in neurons after different treatments detected by RT-qPCR. (I) The protein expression of Acvr2b after different treatments detected by western blot analysis normalized to GAPDH. (J) Neuron activity after different treatments detected by CCK-8. (K) LDH leakage rate of neuron detected by LDH after different treatments. (L) The apoptosis rate of neurons after different treatments detected using flow cytometry. (M) The expression of bcl-2, Bax, Cleaved caspase 3, and caspase 3 in neurons after different treatments measured by western blot analysis normalized to GAPDH. *p < 0.05 vs. EV-mimic-NC treated neurons or normal controls. #p < 0.05 vs. EV-mimic-NC + vector co-transfected neurons. &p < 0.05 vs. EV-miR-132 mimic + vector co-transfected neurons. An unpaired t-test was performed for comparisons of data between two groups. One-way ANOVA was conducted for multiple group comparisons, followed by Tukey’s post hoc test.


The RT-qPCR results revealed that expression of miR-132 in miR-132 mimic-transfected BMSCs was notably elevated (Supplementary Figure S3A). The expression of miR-132 in EV-miR-132 mimic-transfected BMSCs was also increased (Supplementary Figure S3B). The RT-qPCR results demonstrated that miR-132 expression in EV-miR-132 mimic-transfected neurons strikingly rose, but expression of Acvr2b was downregulated (Figure 4F). Western blot analysis results revealed that Acvr2b protein expression in neurons transfected with EV-miR-132 mimic was remarkably declined (Figure 4G).

To further elucidate the effect of EV-derived miR-132-Acvr2b axis on neuron injury, expressions of miR-132 and Acvr2b in neurons following different treatments were determined by RT-qPCR and western blot analysis. The results suggested that the expression of miR-132 was markedly increased in neurons by EV-miR-132 mimic. Besides, the expression of miR-132 in the neurons transfected with EV-miR-132 mimic + vector or EV-miR-132 mimic + Acvr2b was boosted. In addition, the expression of Acvr2b in neurons transfected with EV-mimic-NC + vector displayed significant increases. The expression of Acvr2b in neurons transfected with EV-miR-132 mimic + vector was strikingly. Acvr2b expression in the neurons co-transfected with EV-miR-132 mimic + Acvr2b showed significant elevation when compared to that in neurons co-transfected with EV-miR-132 mimic + vector (Figures 4H,I). The CCK-8 results revealed that neuronal activity in neurons transfected with EV-mimic-NC + vector was decreased compared with that in normal controls. However, the co-transfection of EV-miR-132 mimic + vector leads to enhanced neuronal viability. More intriguingly, neuronal viability in neurons co-transfected with EV-miR-132 mimic + Acvr2b was diminished when compared to the neurons co-transfected with EV-miR-132 mimic + vector (Figure 4J). The LDH results revealed that LDH leakage markedly increased in the neurons transfected with EV-mimic-NC + vector compared with normal controls, whereas LDH leakage in neurons transfected with EV-miR-132 mimic + vector was dramatically decreased. Co-transfection of EV-miR-132 mimic + Acvr2b in neurons induced highly elevated LDH leakage compared with that co-transfection of EV-miR-132 mimic + vector (Figure 4K). The flow cytometry results revealed that neuronal apoptosis in neurons transfected with EV-mimic-NC + vector was markedly elevated in comparison with that in normal controls. However, co-transfection of EV-miR-132 mimic + vector showed decreased apoptosis. Neuronal apoptosis in neurons co-transfected with EV-miR-132 mimic + Acvr2b was elevated in comparison with that co-transfected with EV-miR-132 mimic + vector (Figure 4L). The western blot analysis results revealed that Bcl-2 expression in neurons transfected with EV-mimic-NC + vector was notably decreased but Bax and Cleaved-caspase 3 expression rose compared with normal controls. The Bcl-2 expression in the neurons transfected with EV-miR-132 mimic + vector was increased, whereas expression of Bax and Cleaved-caspase 3 was reduced. Besides, expression of Bcl-2 in neurons transfected with EV-miR-132 mimic + Acvr2b was lower than that of EV-miR-132 mimic + vector (p < 0.05), while the expression of Bax and Cleaved-caspase 3 was increased, and there was no significant difference in Caspase 3 expression (p > 0.05; Figure 4M). The aforementioned results suggested that EV-derived miR-132 from MSCs could attenuate neuron injury by targeting and repressing Acvr2b expression.



Acvr2b Activates p-Smad2/c-jun Signaling Pathway, Hence Inducing Neuronal Injury

The Acvr2b silencing efficiency following silencing of its expression was initially detected. The western blot analysis results indicated that the expression of p-Smad2 and c-jun in neurons transfected with sh-Acvr2b was decreased, but expression of Smad2 exhibited no distinct difference (Figure 5A).
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FIGURE 5. Acvr2b activates Smad2/c-jun signaling pathway, thus inducing neuronal injury. (A) The expression bands and statistical histogram of Smad2, p-smad2, and c-jun in neurons after Acvr2b silencing detected by western blot analysis normalized to GAPDH. (B) The expression bands and statistical histograms of Acvr2b, Smad2, p-Smad2, and c-jun in neurons after different treatments measured using western blot analysis normalized to GAPDH. (C) Statistical histograms of neuron activity after different treatments detected by CCK-8. (D) Statistical histogram of neuron LDH leakage rate after different treatments detected by LDH kit. (E) The apoptosis rate of neurons after different treatments evaluated using flow cytometry. (F) The expression of Bcl-2, Bax, Cleaved caspase 3, and caspase 3 in neurons after different treatments detected by western blot analysis normalized to GAPDH. *p < 0.05 vs. sh-NC transfected neurons or sh-NC + oe-NC co-transfected neurons. #p < 0.05 vs. sh-Acvr2b + oe-NC co-transfected neurons. An unpaired t-test was performed for comparisons of data between two groups. One-way ANOVA was conducted for multiple group comparisons, followed by Tukey’s post hoc test.


In order to further elucidate that Acvr2b-induced neuron injury was achieved through the Smad2/c-jun signaling pathway, western blot analysis indicated that Acvr2b expression in neurons transfected with sh-Acvr2b + oe-NC + sh-Acvr2b or sh-Acvr2b + oe-Smad2 was downregulated. Compared with that in neurons transfected with sh-NC + oe-NC, there was no significant difference in Smad2 in neurons transfected with sh-Acvr2b + oe-NC, while neurons transfected with sh-Acvr2b + oe-Smad2 showed highly increased Smad2 expression, compared with that in neurons transfected with sh-Acvr2b + oe-NC. Expression of c-jun in neurons transfected with sh-Acvr2b + oe-NC was reduced. However, the expression of c-jun among the neurons transfected with sh-Acvr2b + oe-Smad2 was elevated when compared to that transfected with sh-acvr2b + oe-NC (Figure 5B).

The CCK-8 results revealed that neuronal activity in the neurons transfected with sh-Acvr2b + oe-NC was enhanced, which was neutralized by the co-transfection of sh-Acvr2b + oe-Smad2 in neurons (Figure 5C). The LDH secretion results suggested that LDH leakage in neurons transfected with sh-Acvr2b + oe-NC was markedly loweed, which was normalized by sh-Acvr2b + oe-Smad2 (Figure 5D). The flow cytometry results revealed that neuronal apoptosis was markedly diminished by silencing Acvr2b, which was annulled by transfection of sh-Acvr2b + oe-Smad2 (Figure 5E). Western blot analysis results indicated that expression of Bcl-2 in neurons was increased, and expression of Bax and Cleaved-caspase 3 was reduced by sh-Acvr2b, which was reversed by sh-Acvr2b + oe-Smad2. There was no significant difference in Caspase 3 expression (Figure 5F). The results obtained provided evidence suggesting that Acvr2b could activate Smad2/c-jun signaling pathway and thereby induce neuron injury.



Overexpression of c-jun Inhibits Protective Role of EV-miR-132 From MSCs in Neuronal Injury

Next, to ascertain whether EV-derived miR-132 from MSCs exerts protective effects on neurons by inhibiting p-smad2/c-jun signaling pathway, the expression of miR-132 in neurons was determined by RT-qPCR. The protein expression of Acvr2b, Smad2, p-smad2, and c-jun was detected by western blot analysis with the results demonstrating that the expression of miR-132 in neurons co-transfected with EV-miR-132 mimic + oe-NC and EV-miR-132 mimic + oe-c-jun was elevated, while the levels of Acvr2b and p-smad2 were decreased. c-jun in the neurons transfected with EV-miR-132 mimic + oe-NC was markedly downregulated, which was counteracted by EV-miR-132 mimic + oe-c-jun (Figures 6A,B).
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FIGURE 6. Elevation of c-jun inhibits protective effect of EV-derived miR-132 from MSCs on neurons. (A) The expression of miR-132 in neurons detected by RT-qPCR. (B) The protein expression levels of Acvr2b, Smad2, p-smad2, and c-jun detected by western blot analysis normalized to GAPDH. (C) Neuronal activity after different treatments examined by CCK-8. (D) The leakage rate of neuron LDH after different treatments detected using LDH secretion. (E) The apoptosis rate of neurons after different treatments detected using flow cytometry. (F) The protein expression of Bcl-2, Bax, Cleaved caspase 3, and caspase 3 detected by western blot analysis normalized to GAPDH. *p < 0.05 vs. EV-mimic-NC + oe-NC co-transfected neurons. #p < 0.05 vs. EV-miR-132 mimic + oe-NC co-transfected neurons. An unpaired t-test was performed for comparisons of data between two groups. One-way ANOVA was conducted for multiple group comparisons, followed by Tukey’s post hoc test.


The CCK-8 results showed that neuronal activity was notably enhanced by EV-miR-132 mimic, which was abrogated by EV-miR-132 mimic + oe-c-jun (Figure 6C). The results of LDH demonstrating that LDH leakage in neurons transfected with EV-miR-132 mimic was downregulated, which was negated by transfection of EV-miR-132 mimic + oe-c-jun (Figure 6D). Flow cytometry revealed that neuronal apoptosis was declined by EV-miR-132 mimic treatment, while transfection of EV-miR-132 mimic + oe-c-jun reversed this results (Figure 6E). The western blot analysis results demonstrated that expression of Bcl-2 in neurons transfected with EV-miR-132 mimic was increased, whereas expression of Bax and Cleaved-caspase 3 was diminished, which was annulled by transfection of EV-miR-132 mimic + oe-c-jun. Caspase 3 expression exhibited no significant difference (Figure 6F). The aforementioned results suggested that overexpression of c-jun could inhibit protective effect of EV-derived miR-132 from MSCs on neurons.



EV-Derived miR-132 From MSCs Improves Ischemic Neuronal Injury in MCAO Mice by Blocking p-smad2/c-jun Signaling Pathway in vivo

Following the establishment of the MCAO mouse model, the expression of miR-132 was detected by RT-qPCR. Western blot analysis was subsequently performed to detect protein expression of Acvr2b, Smad2, p-Smad2, and c-jun and results showed that expression of miR-132 in mice infected with EV-mimic-NC + oe-NC was notably downregulated in comparison with that in sham-operated mice, while the expression of Acvr2b and p-Smad2 was significantly increased. Besides, expression of miR-132 in mice infected with EV-miR-132 mimic + oe-NC and infected with EV-miR-132 mimic + oe-c-jun was markedly upregulated in comparison with that in mice infected with EV-mimic-NC + oe-NC, while the levels of Acvr2b and p-Smad2 were markedly decreased. When compared to the sham-operated mice, mice infected with EV-mimic-NC + oe-NC induced highly increased c-jun expression. Compared to mice infected with EV-mimic-NC + oe-NC, c-jun expression in mice infected with EV-miR-132 mimic + oe-NC was downregulated. However, mice infected with EV-miR-132 mimic + oe-c-jun inidcated that the expression of c-jun was significantly increased in the mice infected with EV-miR-132 mimic + oe-NC (Figures 7A,B).
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FIGURE 7. EV-derived miR-132 from MSCs attenuates ischemic neuron injury in MCAO mice by suppressing p-Smad2/c-jun signaling pathway. (A) The expression of miR-132 in mice detected by RT-qPCR. (B) Protein expression of Acvr2b, Smad2, p-smad2, and c-jun detected by western blot analysis normalized to GAPDH. (C) Neurological scores in mice. (D) The number of stomping of right injured limb in mice examined by foot fault test. (E) The time taken for mice to turn 180° head down (Tturn) and to reach ground (Ttotal) detected using pole test. (F) Pathological features in tissues of mice observed using HE staining (200×). (G) The apoptosis rate of neurons in hippocampus detected by TUNEL (400×). (H) The volume of cerebral infarction measured by TTC staining. *p < 0.05 vs. sham-operated mice (n = 6/group). #p < 0.05 vs. mice infected with EV-mimic-NC + oe-NC. [dollar]p < 0.05 vs. mice infected with EV-miR-132-mimics + oe-NC. &p < 0.05 vs. MCAO mice. An unpaired t-test was performed for comparisons of data between two groups. One-way ANOVA was conducted for multiple group comparisons, followed by Tukey’s post hoc test.


The neurological scores indicated that relative to the sham-operated mice, the mice infected with EV-mimic-NC + oe-NC induced decline in neurological scores. However, neurological scores in mice infected with EV-miR-132 mimic + oe-NC were increased compared to mice infected with EV-mimic-NC + oe-NC. Interestingly, the neurological scores in mice infected with EV-miR-132 mimic + oe-c-jun were decreased compared to mice infected with EV-miR-132 mimic + oe-NC (Figure 7C). The foot fault test results demonstrated that the number of stomping of the right injured limb in mice infected with EV-mimic-NC + oe-NC was notably increased compared with sham-operated mice. However, the number of stomping of right injured limb in mice infected with EV-miR-132 mimic + oe-NC was markedly reduced in comparison with that in mice infected with EV-mimic-NC + oe-NC. In the mice infected with EV-miR-132 mimic + oe-c-jun had a significant increased times compared to that in mice infected with EV-miR-132 mimic + oe-c-jun (Figure 7D). The pole test results revealed that compared with sham-operated mice, time taken for mice to turn 180° head down (Tturn) and to reach ground (Ttotal) was increased in those infected with EV-mimic-NC + oe-NC (p < 0.05). In comparison with mice infected with EV-mimic-NC + oe-NC, time taken for mice to turn 180° head down (Tturn) and to reach ground (Ttotal) was markedly declined in mice infected with EV-miR-132 mimic + oe-NC. However, a greater amount of time was required in the mice infected with EV-miR-132 mimic + oe-c-jun compared with mice infected with EV-miR-132 mimic + oe-NC (Figure 7E). The HE staining results revealed that relative to the sham-operated mice, the pathological features in mice infected with EV-mimic-NC + oe-NC was more distinct. In comparison with mice injected with EVsmimic-NC + oe-NC, pathological features in tissues of mice injected with EV-miR-132 mimic + oe-NC were unclear. Compared with mice injected with EV-mir-132 mimic + oe-c-jun, mice injected with EV-mir-132 mimic + oe-NC exhibited notable pathological changes (Figure 7F). The TUNEL staining results revealed that compared to sham-operated mice, mice infected with EV-mimic-NC + oe-NC showed a notable increase in neuron apoptosis. In contrast, neuron apoptosis was strikingly reduced in mice infected with EV-miR-132 mimic + oe-NC, when compared to mice infected with EV-mimic-NC + oe-NC. The rate of apoptosis in the neurons of the hippocampus was increased in mice infected with EV-miR-132 mimic + oe-c-jun when compared to mice infected with EV-miR-132 mimic + oe-NC (Figure 7G). The TTC staining results exhibited that in comparison with sham-operated mice, infarct volume in mice infected with EV-mimic-NC + oe-NC was remarkably augmented. In comparison with mice infected with EV-mimic-NC + oe-NC, infarct volume in mice infected with EV-miR-132 mimic + oe-NC was reduced. The volume of cerebral infarction in mice infected with EV-miR-132 mimic + oe-c-jun was increased when compared to mice infected with EV-miR-132 mimic + oe-NC (Figure 7H). The above-mentioned results demonstrate that EV-derived miR-132 from MSCs could alleviate ischemic neuron injury in MCAO mice by inhibiting the p-Smad2/c-jun signaling pathway.



DISCUSSION

Cerebral I/R can arise following mechanical thrombectomy as a result of ischemic stroke treatment. Besides, reactive oxygen species produced following reperfusion has been shown to trigger neuronal damage, which consequently leads to disability and death (Sun and Yue, 2019). Cerebral injury triggered by ischemia often leads to neuronal apoptosis. For example, delayed neuronal death in selectively vulnerable regions has been reported, causing irreversible damage (Shao et al., 2017). The relationship between neuronal apoptosis, oxidative stress, and neurodegenerative diseases has been well documented with the enhancement of neuronal survival a crucial target for the treatment of neuronal diseases (Wang M. et al., 2016). Hypoxic stress has been implicated as a cause of neuronal death in various types of brain diseases (Gao et al., 2015). Cell-oriented therapy with MSCs has been highlighted to protect cortical neurons from hypoxic-ischemic damage in stroke patients (Kong et al., 2017). Hence, the current study was designed to elucidate the molecular mechanism of EV-derived miR-132 from MSCs in ischemic neuronal injury through regulation of Acvr2b expression and Smad2/c-jun pathway. A key observation made during our study revealed that EV-derived miR-132 from MSCs exerted a protective effect on ischemic neuronal injury by repressing Acvr2b expression and further inhibiting the p-Smad2/c-jun pathway.

Initially, we detected that Acvr2b was overly expressed in MCAO mice and neurons exposed to OGD conditions. Consistently, Acvr2b has been reported to exhibit high levels of expression in neuronal injury and may promote neuronal injury (Looney et al., 2017). Our results further evidenced that silencing of Acvr2b led to an increase in neuronal activity, decreased neuronal apoptosis, reduced expression of Bax and Cleaved-caspase 3, as well as upregulated Bcl-2 expression, highlighting that inhibition of Acvr2b exerts significant protection against neuronal injury. Consistent with our results, the knockdown of Acvr2b has been reported to contribute to a marked reduction in neuronal apoptosis (Koszinowski et al., 2015; Magga et al., 2019). Moreover, we expounded that miR-132 targeted and inhibited expression of Acvr2b. Acvr2b has been previously predicted to be one of the downstream targets of miR-132 (Jiang et al., 2015). Downregulation of miR-132 expression has been identified in MCAO mice and OGD-treated neurons, while upregulation of miR-132 has been speculated to diminish brain damage in MCAO mice and protect hippocampal neurons against OGD-induced apoptosis (Mazziotti et al., 2017; Zuo et al., 2019). Moreover, the overexpression of miR-132 has been shown to contribute to enhanced neuronal viability (Pan et al., 2020), decreased neuronal apoptosis, and elevated expression of Bcl-2 while downregulated levels of Bax as well as Caspase-3 have been reported following OGD treatment (Sun et al., 2017). As described reported, BMSCs-released EVs can improve ischemic neuronal injury and EVs are abundant in miR-132 (Xiao et al., 2018). Hence, our results indicated that EV-derived miR-132 from MSCs could attenuate neuronal damage by repressing expression of Acvr2b.

In subsequent experiments, our study revealed that Acvr2b promotes activation of a p-Smad2/c-jun signaling pathway to induce neuronal injury. A previous study concluded that Acvr2b promotes p-Smad2 level (Gao et al., 2018) and p-Smad2 elevates expression of c-jun (Thakur et al., 2014). Significant upregulation of p-Smad2 and c-jun expression has been emphasized in cerebral I/R injury and higher expression of p-Smad2 and c-jun induce neuronal injury (Wang S. et al., 2016). Furthermore, our findings provided evidence suggesting that the overexpression of c-jun abrogated protective role of EV-derived miR-132 from MSCs in neurons as increased c-jun expression induced aggravated neuronal apoptosis and neuronal injury. Existing literature, the overexpression of c-jun contributes to neuronal apoptosis which is evidently observed in neurodegenerative diseases such as Alzheimer’s and dementia, as well as brain damage, including stroke and epilepsy (Kravchick et al., 2016). In neuronal cells, activation of c-JNK pathway has also been demonstrated to induce cell damage (Minamiyama et al., 2012).



CONCLUSION

Taken together, the key findings of the current study present evidence demonstrating that upregulation of miR-132-containing EVs released from MSCs was capable of ameliorating ischemic neuronal injury through suppression of Acvr2b expression via inhibition of p-Smad2/c-jun pathway (Figure 8). Our findings provide a theoretical basis as well as a fresh perspective onto novel therapeutic strategies of ischemic neuronal injury treatment. Prospective studies for translation from mechanism and animal experiments to clinical applications are required in order to further characerize the role of EV-derived miR-132 from MSCs in this disorder. Future investigations will be aimed at identifying the optimum dose and time for EVs injection.
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FIGURE 8. EV-derived miR-132 released from MSCs improves ischemic neuronal injury by targeting and repressing Acvr2b via inhibiting p-Smad2/c-jun pathway.
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Supplementary Figure 1 | sh-Acvr2b-1 is selected for subsequent experiments. (A) Silencing efficiency of Acvr2b mRNA in OGD-exposed neurons examined using RT-qPCR. (B) The protein expression of Acvr2b silencing efficiency in OGD-exposed neurons examined using western blot analysis normalized to GAPDH. #p < 0.05 vs. sh-NC transfected neurons. One-way ANOVA was conducted for multiple group comparisons, followed by Tukey’s post hoc test.

Supplementary Figure 2 | The transfection efficiency of miR-132 mimic in HEK293T cells and neurons assessed by RT-qPCR. (A) The transfection efficiency of miR-132 mimic in HEK293T cells. (B) The transfection efficiency of miR-132 mimic in neurons. ∗p < 0.05 vs. mimic-NC-transfected HEK293T cells or neurons. An unpaired t-test was performed for comparisons of data between two groups.

Supplementary Figure 3 | The transfection efficiency of miR-132 mimic in BMSCs and BMSC-derived EVs. (A) The expression of miR-132 in BMSCs after overexpression of miR-132 detected by RT-qPCR. (B) The expression of miR-132 in EVs after overexpression of miR-132 from BMSCs detected by RT-qPCR. ∗p < 0.05 vs. mimic-NC transfected BMSCs, EV-mimic-NC treated neurons or normal controls. An unpaired t-test was performed for comparisons of data between two groups.


ABBREVIATIONS

Acvr2b, activin receptor type IIB; ANOVA, analysis of variance; CANX, calnexin; CCK-8, Cell Counting kit-8; DLS, dynamic light scattering; DMEM, Dulbecco’s modified eagle medium; EV, extracellular vesicles; FBS, fetal bovine serum; FITC, fluorescein isothiocyanate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HBSS, Hank’s balanced salt solution; HE, hematoxylin and eosin; HIE, hypoxic-ischemic encephalopathy; I/R, ischemia and reperfusion; JNK, Jun n-terminal kinase; LDH, lactate dehydrogenase; MCAO, middle cerebral artery occlusion; miRs, microRNAs; MSC, mesenchymal stem cell; oe, overexpressed; OGD, oxygen and glucose deprivation; PDL, periodontal ligament; PI, propidium iodide; p-Smad 2, phosphorylated-Smad2; TBST, tris-buffered saline Tween; TEM, transmission electron microscope; TGF- β, transforming growth factor- β; TTC, 2,3,5-triphenyltetrazolium hydrochloride; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling; UTR, untranslated region.
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miR-132 F: TAACAGTCTACAGCCATGGTCG
Acvr2b F: ACCCCCAGGTGTACTTCTG

R: CATGGCCGTAGGGAGGTTTC
GAPDH F: AGGTCGGTGTGAACGGATTTG

R: TGTAGACCATGTAGTTGAGGTCA

Note: MIiR-132, microRNA-132; Acvr2b, Activin receptor type IIB; GAPDH,
glyceraldehyde-phosphate dehydrogenase; F, forward; R, reverse.
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