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ABSTRACT
Overexpression of spike glycoprotein G of vesicular stomatitis virus (VSVG) can induce the release of fusogenic plasma mem-
brane vesicles (fPMVs), which can transport cytoplasmic, nuclear, and surface proteins directly to target cells. This study 
aimed to investigate the roles of rat bone marrow mesenchymal stem cells (rBMSCs)-derived fPMVs containing VSVG protein 
in myocardial injury and their related mechanisms. The plasmids of pLP-VSVG were used to transfect rBMSCs, and then 
fPMVs were obtained by mechanical extrusion. After that, H9c2 cells were first treated with hypoxia reoxygenation (HR) 
to establish a cardiomyocyte injury model, and then were treated with fPMVs to evaluate the rescue of rBMSCs-derived 
fPMVs on HR-induced cardiomyocyte injury. FPMVs containing VSVG protein were successfully prepared from rBMSCs 
with VSVG overexpression. Compared with control fPMVs, ACTB, HDAC1, VSVG, CD81, MTCO1, and TOMM20 were signif-
icantly up-regulated (p < 0.05), while eEF2 was significantly down-regulated (p < 0.05) in the fPMVs containing VSVG pro-
tein. Additionally, it was obvious fPMVs could carry mitochondria into H9c2 cells, and HR treatment significantly inhibited 
viability and induced apoptosis of H9c2 cells, as well as significantly increased the contents of TNF-α and IL-1β, and ROS 
levels both in cells and cellular mitochondria, while evidently reducing the levels of ATP, MRCC IV, and MT-ND1 (p < 0.05). 
However, fPVMs could remarkably reverse the changes in these indexes caused by HR (p < 0.05). RBMSCs-derived fPMVs 
containing VSVG protein may have protective effects on myocardial injury by mediating mitochondrial transfer and regulat-
ing mitochondrial functions.
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1   |   Introduction

Despite improvements in cardiovascular care in recent decades, 
cardiovascular disease (CVD) remains the leading cause of death 
worldwide [1]. According to the data reported by the American 
Heart Association, more than 26 million adults in the United 
States have CVD, excluding high blood pressure, and an average 
of one CVD-related death occurs every 38 s [2, 3]. Among these 
deaths, deaths due to ischemic heart disease increased by about 
41.7% from 1990 to 2013 [4]. Myocardial ischemia occurs when 
blood flow to the heart muscle is insufficient, resulting in in-
sufficient oxygen, glucose, and other nutrients that can support 
oxidative phosphorylation of mitochondria [5]. After an isch-
emic attack, reperfusion therapy is considered to be the most 
effective measure to rescue ischemic heart disease [6]. However, 
myocardial ischemia–reperfusion therapy may induce oxidative 
stress and lead to ultrastructural damage and myocardial cell 
dysfunction, thus aggravating ischemic myocardial injury [7]. 
Many researchers have discussed the issue of optimizing the 
treatment of myocardial injury, but the underlying mechanisms 
and drug targets of myocardial injury remain to be elucidated 
[8]. Therefore, there is an urgent need to develop new drugs or 
other effective targets to intervene and treat myocardial injury.

Mesenchymal stem cells (MSCs) are pluripotent stem cells lo-
cated in adult tissues (such as bone marrow), as well as have 
the ability to self-renew and differentiate into different cells, 
such as chondrocytes, adipocytes, osteoblasts, and myocytes [9]. 
Pang et al. demonstrated that bone marrow mesenchymal stem 
cells (BMSCs) application could effectively alleviate myocardial 
ischemia–reperfusion injury in mice by inducing Treg activa-
tion, particularly in the spleen [10]. Another study illustrated 
that BMSCs-derived exosomes carrying miR-125b could pre-
vent myocardial ischemia–reperfusion injury through targeting 
SIRT7 [11]. These indicate that BMSCs have a protective effect 
on myocardial injury. Accumulating evidence has revealed 
that the therapeutic benefits of MSCs in various diseases can 
be attributed to their immunomodulatory properties, regener-
ative capacity, low immunogenicity, as well as paracrine effects 
[12]. Although MSCs have great potential to treat a variety of 
diseases, recent studies have shown that MSCs also contribute 
to tumor pathogenesis by supporting the tumor microenviron-
ment, increasing tumor growth, and inhibiting anti-tumor im-
mune responses [13, 14]. A small percentage of transplanted 
MSCs may die shortly after injection, and secrete extracellular 
vesicles and apoptotic bodies [15]. In addition, MSCs may trans-
differentiate into undesirable cell types [16], which may compro-
mise the physiological functions of the target tissues. Therefore, 
searching for alternatives to MSCs for the therapy of myocardial 
injury is crucial.

Extracellular vesicles (EVs), including exosomes and micro-
vesicles (MV), can be used as a means of intercellular commu-
nication to transfer biologically active macromolecules, which 
have been widely studied [17, 18]. However, a previous study 
obtained a novel substance, plasma membrane vesicles (PMVs) 
by mechanical extrusion and found that BMSCs-derived PMVs 
were able to deliver cytoplasmic contents to the gastrocnemius 
muscle of mice [19]. In addition, overexpression of spike glyco-
protein G of vesicular stomatitis virus (VSVG) has been shown 
to induce the release of fusogenic vesicles, which are capable of 

transporting cytoplasmic, nuclear, and surface proteins directly 
to target cells [20, 21]. A study by Lin et al. prepared fusogenic 
PMVs (fPMVs) containing VSVG protein, as well as found that 
fPMVs could be endocytosed by target cells and efficiently de-
liver cytoplasmic proteins and mitochondria [22]. Another re-
search manifested that PMVs from human umbilical cord MSCs 
could be used as a novel stem cell therapy for the treatment of 
acetaminophen-induced liver injury [16]. These reports imply 
PMVs may effectively transfer bioactive macromolecules and 
mitochondria, as well as have a protective effect against tissue 
damage. However, the roles of fPMVs containing VSVG protein 
in myocardial injury are still unclear.

Previous studies have used the method of hypoxia reoxygenation 
(HR) to induce cardiomyocyte injury in vitro [23, 24]. Therefore, 
in this study, rat BMSCs (rBMSCs) with VSVG overexpression 
were constructed, and fPMVs containing VSVG protein were 
isolated. After that, cardiomyocytes H9c2 were employed to 
establish a cardiomyocyte injury model, and then were treated 
with fPMVs to investigate the effects of fPMVs on myocardial 
injury and their related mechanisms. This study will help to im-
prove our understanding of fPMVs and provide a new strategy 
for the treatment of myocardial injury.

2   |   Materials and Methods

2.1   |   Cell Culture and Cell Transfection

Rat bone marrow mesenchymal stem cells (rBMSCs) and car-
diomyocytes H9c2 were purchased from Cyagen Biosciences 
Inc. (Guangzhou, China) and Cell Bank of Academy of Chinese 
Sciences (Shanghai, China), respectively. Among them, rBM-
SCs were maintained in α-MEM medium (Servicebio, Wuhan, 
China) supplemented with 10% fetal bovine serum (FBS, 
Thermo Fisher Scientific, Waltham, MA, USA) and 1% penicil-
lin/streptomycin (Thermo Fisher Scientific), while H9c2 cells 
were maintained in dulbecco's modified eagle medium (DMEM, 
Thermo Fisher Scientific) with 10% FBS. The rBMSCs and H9c2 
cells were both cultured in an incubator with 5% CO2 at 37°C.

The plasmids of pLP-VSVG, pDSRed-Express2-N1, and pMito-
GFP were prepared and provided by Yanzai Biotechnology 
(Shanghai, China). The cell transfection was performed using 
Lipofectamine 2000 (Thermo Fisher Scientific) based on the 
manufacturer's protocols. Briefly, the cell medium was changed 
to serum-free medium, and rBMSCs were transfected with 
0.5 μg plasmids using Lipofectamine 2000. After 6 h of transfec-
tion, the medium was replaced with complete medium, and the 
cells were cultured for another 24 h.

2.2   |   Isolation of fPMVs, and Characterization

The transfected rBMSCs and control rBMSCs were harvested, 
digested with 0.25% trypsin (Beyotime, Shanghai, China), and 
centrifuged at 1000 rpm for 5 min. Then, the cells and 5 mL me-
dium were first mechanically extruded with a 3 μm-diameter 
filter, and then mechanically extruded with a 1 μm-diameter 
filter, repeated for 3 times. The collected filtrate was fPMVs 
containing VSVG protein and fPMVs. After centrifugation at 
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10000 g for 5 min, the upper culture medium was removed, and 
about 500 μL of fPMVs solution was retained. Additionally, the 
morphology and ultrastructure of the obtained fPMVs were ob-
served under a transmission electron microscopy (TEM, JEOL 
LTD, Peabody, MA, USA) as previously described [25]. Briefly, 
the prepared fPMVs (20 μL) were added to the copper screen 
for absorption for 10 min, and then the excess droplets were re-
moved with filter paper strips. Afterwards, 2% phosphotungstic 
acid solution (20 μL) was added, and after standing for 5 min, the 
excess droplets were removed. After drying under an incandes-
cent lamp, the images were photographed under a TEM.

2.3   |   Co-Culture of fPMVs and rBMSCs 
or H9c2 Cells

For the co-culture of fPMVs and rBMSCs, rBMSCs co-
transfected with pLP-VSVG and pDSRed-Express2-N1 plasmids 
or co-transfected with pLP-VSVG and pMito-GFP plasmids cul-
tured for 48 h were used to isolate the fPMVs labeling with red 
fluorescence or green fluorescence. The rBMSCs were seeded 
into a 24-well plate overnight, and after washing, the fPMVs la-
beling with red fluorescence or green fluorescence (10 μg/mL) 
were added to the cells. After co-culturing for 24 h, the cells 
were fixed with 4% paraformaldehyde for 20 min, and sealed 
with Mounting Medium containing DAPI. Finally, the cell im-
ages were observed and taken under a laser scanning confocal 
microscope.

For the co-culture of fPMVs and H9c2 cells, 50 nM MitoTracker 
Green (KeyGEN BioTECH, Jiangsu, China) was added to fPMVs, 
and after incubating at 37°C for 30 min, the labeled fPMVs (green 
fluorescence) were centrifuged at 12000 g at 4°C for 30 min. The 
sediments were resuspended with 200 μL PBS. The H9c2 cells 
were seeded into a 24-well plate overnight and were added with 
the labeled fPMVs (20 μg/mL). After co-culturing for 24 h, the 
cells were washed with PBS, and then 50 nM MitoTracker Red 
(KeyGEN BioTECH) was added to the cells. After incubating at 
37°C for 30 min, the cells were fixed, sealed, and photographed 
by a laser scanning confocal microscope.

2.4   |   Cell Viability and Apoptosis Assays

To construct an in  vitro cardiomyocyte HR injury model, dif-
ferent concentrations of CoCl2 (400, 600, and 800 μM) were 
firstly used to treat H9c2 cells, and then cell apoptosis, inflam-
matory cytokines, and mitochondrial function-related indexes 
were measured to select the optimal concentration of CoCl2. In 
brief, H9c2 cells were inoculated to a 96-well plate at a density 
of 5 × 103 and cultured overnight. On the next day, the cells were 
firstly maintained in low-glucose (1 g/L) serum-free DMEM 
medium with different concentrations of CoCl2 (final concen-
tration at 0, 400, 600, and 800 μM) at 37°C for 12 h; and then 
were cultured in high-glucose (4.5 g/L) normal medium for 12 h. 
After that, different concentrations of fPMVs containing VSVG 
protein (10, 20, and 50 μg/mL) were added to the cells. After 
being cultured for another 24 h, each well was added with 10 μL 
cell counting kit-8 (CCK-8, Beyotime Biotechnology, Shanghai, 
China). After 2 h of incubation, the values of optical density 

at 450 nm were measured using a microplate reader (Thermo 
Fisher Scientific, USA).

Based on the manufacturer's protocols, the apoptosis of H9c2 
cells with different treatments was determined using an 
Annexin V-FITC apoptosis assay kit (Beyotime Biotechnology). 
The harvested cells were centrifuged at 1000 rpm for 5 min 
and then resuspended with Annexin V-FITC binding solution. 
Afterwards, 5 μL Annexin V-FITC and 5 μL propidium iodide 
(PI) were added. After incubating at 25°C for 20 min in the dark, 
the cell images were acquired by a flow cytometry (Becton, 
Dickinson and Company, NJ, USA), and CellQuest software 
(Becton, Dickinson and Company) was employed to calculate 
the total cell apoptosis.

2.5   |   Determination of Reactive Oxygen Species 
(ROS)

To analyze ROS levels in the cells, flow cytometry was used 
with a ROS assay kit (chemical fluorescence method) (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China) following 
the manufacturer's instructions. The H9c2 cells with differ-
ent treatments were washed with PBS twice and centrifuged 
at 1000 rpm for 5 min. The sediments were resuspended with 
PBS containing 10 μM DCFH-DA probes and cultured at 37°C 
for 60 min. The DCFH-DA-labeled cells were centrifuged at 
1000 rpm for 5 min, and the supernatant was removed. After 
washing with PBS twice, the sediments were collected and re-
suspended with PBS for flow cytometry detection. The best 
excitation wavelength was 488 nm, and the best emission wave-
length was 525 nm.

For analyzing ROS levels in cell mitochondria, the MitoSOX kit 
(Thermo Fisher Scientific) was used. The H9c2 cells with differ-
ent treatments were added to MitoSOX at a final concentration 
of 5 μmol/L. After incubating at 37°C in the dark for 30 min, the 
excess staining solution was removed, and the cells were washed 
with PBS twice. After being resuspended with 1 mL PBS, the 
cell pictures were observed under a laser scanning confocal 
microscope.

2.6   |   Enzyme-Linked Immunosorbent Assay 
(ELISA)

The H9c2 cells with different treatments were employed to iso-
late mitochondria using a Mitochondrial Isolation and Protein 
Extraction Kit (Proteintech, Wuhan, China) according to the 
recommendations of the manufacturer. Then, the contents of 
tumor necrosis factor (TNF)-α and interleukin (IL)-1β in cells 
and cell mitochondria were measured using the rat TNF-α 
ELISA kit (Meimian Biotech, Wuhan, China) and rat IL-1β 
ELISA kit (Meimian Biotech), respectively. Additionally, the 
adenosine triphosphate (ATP) levels and the concentrations 
of mitochondrial respiratory chain complex IV (MRCC IV) in 
cell mitochondria were respectively examined by ATP assay 
kit (Beyotime Biotechnology) and rat MRCC IV ELISA kit 
(Meimian Biotech) based on their corresponding manufactur-
er's instructions.
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2.7   |   Quantitative Real-Time PCR (qPCR)

The cells with different treatment or fPMVs were used to 
isolate total DNA using a gDNA extraction kit (Servicebio, 
Wuhan, China) based on the manufacturer's protocols, and 
then the isolated DNA was applied for qPCR. The reaction 
system of qPCR contained 10 μL PerfectStart Green qPCR 
SuperMix (TransGen Biotech, Beijing, China), 0.4 μL forward 
primer (10 μM), 0.4 μL reverse primer (10 μM), 2 μg DNA, and 
sterile water (up to 20 μL). The reaction was initiated at 95°C 
for 30 s, followed by a total of 40 cycles of 95°C for 5 s and 95°C 
for 30 s, as well as 95°C for 15 s, 60°C for 60 s, and 95°C for 15 s. 
The sequences of all primers were shown in Table 1, and MT-
CO3 (for mitochondrial genes) or β-globin was used as a refer-
ence gene. The expression of relevant genes was calculated by 
the 2−ΔΔCt method.

2.8   |   Western Blot

Total proteins were extracted from the cells with different treat-
ments or different fPMVs using RIPA lysis buffer (Beyotime 
Biotechnology), as well as were qualified and quantified by 
2% agarose gel electrophoresis and a BCA assay kit (Beyotime 
Biotechnology). After that, the protein samples (20 μg) were 
segregated by 10% SDS-PAGE and transferred to PVDF mem-
branes. After blocking with 5% skim milk at 37°C for 1 h, the 
membranes were respectively incubated with the primary 
antibodies, including anti-CD81 antibody (1:1000, Abcam, 
USA), anti-eEF2 antibody (1: 1200, Sangon Biotech, Shanghai, 
China), anti-MTCO1 antibody (1: 1000, BOSTER Biological 
Technology Co. Ltd., Wuhan, China), anti-TOMM20 antibody 
(1: 1000, Wanlei Bio, Shenyang, China), anti-VSVG antibody 
(1: 1000, BOSTER Biological Technology Co. Ltd.), and anti-β-
actin antibody (1: 20000, Proteintech), at 4°C overnight. Then, 
the membranes were incubated with goat anti-mouse IgG 
(H + L)-HRP (1: 5000, Jackson ImmunoResearch) or goat anti-
rabbit IgG (H + L)-HRP (1: 5000, Jackson ImmunoResearch) at 

37°C for 2 h. Eventually, the Millipore electrochemilumines-
cence ECL system (Beyotime Biotechnology) was employed to 
visualize the protein bands.

2.9   |   Statistical Analysis

Data were expressed as mean ± standard deviation. Statistical 
analysis was performed in SPSS software, and GraphPad Prism 
5.0 (GraphPad Software, San Diego, CA, USA) was employed for 
plotting. For comparison between the two groups, Student's t test 
was used, as well as one-way analysis of variance followed by the 
Bonferroni Method was applied for the comparison among more 
than two groups. p < 0.05 was regarded as statistically significant.

3   |   Results

3.1   |   Characterization and Uptake of fPMVs

In order to obtain the fPMVs containing VSVG protein, rBM-
SCs were transfected with pLP-VSVG plasmids, and then fPMVs 
were isolated from rBMSCs and rBMSCs with VSVG overexpres-
sion. The representative images of rBMSCs and rBMSCs with 
VSVG overexpression were shown in Figure  1A. TEM results 
showed that fPMVs isolated from the rBMSCs with VSVG over-
expression exhibited a nearly round morphology with a diame-
ter of about 500 nm (big) or 250 nm (small) (Figure 1B).

Further to observe whether fPMVs can enter rBMSCs, fPMVs 
were labeled with red fluorescence and then co-cultured with 
rBMSCs. After 24 h of co-incubation, red fluorescence was shown 
in rBMSCs (Figure  1C), which indicated that fPMVs could be 
taken up by rBMSCs. In addition, MitoTracker Green was used 
to label the mitochondria of fPMVs (green fluorescence), rBMSCs 
were stained red, and the nuclei were stained blue by DAPI. It was 
found that most rBMSCs exhibited intracellular fluorescence, and 
the labeled fPMVs (green) were localized in the cytoplasm after 
co-culture (Figure 1D). These results suggested that fPMVs or the 
mitochondria of fPMVs could enter into the rBMSCs.

After that, to further characterize the fPMVs and the mitochon-
drial functions of fPMVs, the expression of nuclear genes (ACTB, 
and HDAC1), mitochondrial gene/protein (MT-ND4, MTCO1, 
and TOMM20), VSVG, membrane protein CD81, and cytosolic 
protein eEF2 were determined in different rBMSCs or fPMVs by 
qPCR and western blot. No significant difference was found in 
the MT-ND4 expression between the rBMSCs and rBMSCs with 
VSVG overexpression, as well as between the fPMVs and fPMVs 
with VSVG overexpression (p > 0.05, Figure  2A,B). For ACTB 
and HDAC1, their expression was significantly increased in the 
rBMSCs with VSVG overexpression or fPMVs with VSVG over-
expression compared to the control rBMSCs or fPMVs (p < 0.05, 
Figure 2A,B). Western blot showed that the protein expression of 
VSVG, CD81, MTCO1, and TOMM20 was evidently up-regulated, 
while eEF2 protein expression was markedly down-regulated in 
the rBMSCs with VSVG overexpression relative to the control 
rBMSCs (p < 0.05, Figure 2C). The tendency of the VSVG, CD81, 
eEF2, MTCO1, and TOMM20 protein expression in the different 
fPMVs was similar to that in the different rBMSCs (Figure 2D). 
These findings indicated that fPMVs containing VSVG protein 

TABLE 1    |    The sequences of all primers.

Primer Sequences (5′-3′)

MT-ND4-rF AGCTCCAATTGCAGGCTCTA

MT-ND4-rR CTGTTTGGCGTAGGCAGATT

HDAC1-rF CTGGGGACCTACGGGATATT

HDAC1-rR CACTGCACTAGGCTGGAACA

ACTB-rF GTCGTACCACTGGCATTGTG

ACTB-rR CTCTCAGCTGTGGTGGTGAA

MT-CO3-rF AGCCCATGACCACTAACAGG

MT-CO3-rR TGGCCTTGGTATGTTCCTTC

MT-ND1-F CCTTCCTATTTCTCGCTACACCTA

MT-ND1-R GCGAGGATAAACAGTATCCCTAGA

β-globin-F ACCTGACTCCTGATGAGAAGAATG

β-globin-R CAAAGGAGTCAAAGAACCTCTGG
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were successfully isolated, and the mitochondrial functions may 
be enhanced after VSVG overexpression.

3.2   |   Select the Optimal Concentration of CoCl2 in 
H9c2 Cells

Compared to the control H9c2 cells, CoCl2 treatment signifi-
cantly induced cell apoptosis (p < 0.05), and the total apoptosis 
percentage was gradually increased with the increase of CoCl2 
concentration (Figure  3A). Then, the levels of inflammatory 
cytokines in the H9c2 cells with different treatments were ex-
amined. It was found that there were no significant differences 
in the contents of TNF-α and IL-1β between the control and 

400 μM CoCl2-treated cells (p > 0.05, Figure  3B,C). However, 
600 and 800 μM CoCl2 significantly increased the TNF-α and IL-
1β contents in comparison with the control H9c2 cells (p < 0.05, 
Figure 3B,C).

Additionally, the ROS levels were significantly higher in the 
CoCl2-treated cells than those in the control cells (p < 0.05), and 
were gradually enhanced with the increasing concentrations 
of CoCl2 (Figure  4A). The trend of TNF-α and IL-1β contents 
in the cellular mitochondria with different treatments was in 
accordance with that in the H9c2 cells (Figure 4B,C). Finally, 
the expression of MT-ND1 was determined by qPCR. It was ob-
vious that 400 μM CoCl2 treatment did not evidently change 
the expression of MT-ND1 (p > 0.05); whereas the expression 

FIGURE 1    |    Characterization and uptake of fusogenic plasma membrane vesicles (fPMVs) in rat bone marrow mesenchymal stem cells (rBMSCs). 
(A) The representative images of rBMSCs and rBMSCs with VSVG overexpression. (B) The morphology of fPMVs visualized using a transmission 
electron microscopy. (C) fPMSVs were labeled with red fluorescence, and fPMVs could be taken up by rBMSCs. (D) MitoTracker Green was used to 
label mitochondria of fPMVs (green fluorescence), rBMSCs were stained red, and nucleus were stained blue by DAPI. Mitochondria of fPMVs could 
enter into the rBMSCs.
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FIGURE 2    |     Legend on next page.
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of MT-ND1 in the 600 and 800 μM CoCl2-treated cells was sig-
nificantly lower than that in the control H9c2 cells (p < 0.05, 
Figure  4D). Therefore, under hypoxia conditions, the apopto-
sis of H9c2 cells and inflammatory levels could be enhanced, 
while mitochondrial function may be decreased. In the subse-
quent experiments, we chose 600 μM CoCl2 to induce a hypoxia 
environment.

3.3   |   Uptake of fPMVs by H9c2 Cells

Further to investigate the effects of fPMVs containing VSVG 
protein on cardiomyocyte HR injury, we firstly need to confirm 
whether fPMVs can be taken up by H9C2 cells. The mitochon-
dria of fPMVs were labeled with green fluorescence, H9c2 cells 
were stained red, and the nucleus was stained blue by DAPI. It 

FIGURE 2    |    Expression of mitochondrial function-related genes/proteins and fPMVs-related proteins determined by quantitative real-time PCR 
(qPCR) or western blot. (A) The expression of MT-ND4, ACTB, and HDAC1 in the rBMSCs and rBMSCs with VSVG overexpression. *p < 0.05, vs. 
rBMSCs. (B) The expression of MT-ND4, ACTB, and HDAC1 in the fPMVs and fPMVs with VSVG overexpression. *p < 0.05, vs. fPMVs. (C) The pro-
tein expression of VSVG, CD81, eEF2, MTCO1, and TOMM20 in the rBMSCs and rBMSCs with VSVG overexpression. *p < 0.05, vs. rBMSCs. (D) 
The protein expression of VSVG, CD81, eEF2, MTCO1, and TOMM20 in the fPMVs and fPMVs with VSVG overexpression. *p < 0.05, vs. fPMVs.

FIGURE 3    |    Effects of different concentrations of CoCl2 on the apoptosis of H9c2 cells, and the levels of inflammatory cytokines in cells. (A) The 
cell apoptosis percentage in different groups using a flow cytometry. (B) The contents of TNF-α in the H9c2 cells with different treatments. (C) The 
contents of IL-1β in the H9c2 cells with different treatments. *p < 0.05, vs. control.
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was found that most H9c2 cells showed intracellular fluores-
cence, and the labeled fPMVs (green) were localized in the cyto-
plasm after co-culture (Figure 5A). These indicated that fPMVs 
could carry mitochondria into H9c2 cells.

3.4   |   Effects of fPMVs on the Growth of H9c2 Cells 
Induced by HR

CCK-8 was employed to further study the effects of fPMVs on 
the viability of H9c2 cells induced by HR. It is clear that the 
cell viability in the HR-treated cells was significantly inhib-
ited compared to the control cells (p < 0.05, Figure 5B). Then, 
different concentrations of fPMVs (10, 20, and 50 μg/mL) were 
used to treat the HR-induced H9c2 cells, and we observed that 
there was no significant difference in cell viability between the 
HR and HR + fPMVs (10 μg/mL) groups (p > 0.05). However, 
20 and 50 μg/mL fPMVs treatments significantly enhanced 
the viability of HR-induced H9c2 cells in comparison with the 
HR-induced H9c2 cells (p < 0.05, Figure 5B). Hence, 20 μg/mL 

fPMVs were selected for subsequent study, as well as fPMVs 
containing VSVG protein could promote the growth of HR-
induced H9c2 cells.

3.5   |   Effects of fPMVs on the Mitochondrial 
Functions of H9c2 Cells Induced by HR

To explore whether fPMVs affect cell viability through mitochon-
dria transfer, the MT-ND1 expression, the levels of inflammatory 
cytokines, ATP, MRCC IV, and ROS in cellular mitochondria 
were determined. It was observed that the expression of MT-
ND1 was significantly increased in the HR + fPMVs groups 
compared to the HR group (p < 0.05, Figure  6A). Compared 
to the control cells, HR treatment significantly increased the 
contents of TNF-α and IL-1β (p < 0.05); while fPMVs evidently 
restored their contents to a similar level as the control H9c2 
cells (p > 0.05, Figure  6B,C). The ATP contents in the control, 
HR, and HR + fPMVs groups were respectively 0.199 ± 0.024, 
0.124 ± 0.012, and 0.178 ± 0.017 μmol/mg protein, which indicated 

FIGURE 4    |    Effects of different concentrations of CoCl2 on the levels of reactive oxygen species (ROS), MT-ND1 and inflammatory cytokines in 
cellular mitochondria. (A) The levels of ROS in H9c2 cells treated with different concentrations of CoCl2. (B) The contents of TNF-α in the cellular 
mitochondria with different concentrations of CoCl2 treatments. (C) The contents of IL-1β in the cellular mitochondria with different concentrations 
of CoCl2 treatments. (D) The expression of MT-ND1 in the H9c2 cells treated with different concentrations of CoCl2. *p < 0.05, vs. control.
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that HR significantly decreased the ATP content compared to 
the control cells (p < 0.05), whereas fPMVs evidently increased 
its contents induced by HR (p < 0.05, Figure 6D). Additionally, 
the contents of MRCC IV in the control, HR, and HR + fPMVs 
groups were 7.644 ± 0.271, 0.808 ± 0.092, and 2.123 ± 0.454 pg/μg 
protein, respectively. These showed that the MRCC IV contents 
were significantly lower in the HR group than in the control 
group (p < 0.05), but were remarkably higher in the HR + fPMVs 
group than in the HR group (p < 0.05, Figure  6E). The results 
of confocal microscopy exhibited that the red fluorescence in 
the HR-induced cells was stronger than that in the control cells; 
while fPMVs weakened the red fluorescence caused by HR 
(Figure 6F). These outcomes implied that fPMVs could reduce 
the ROS levels caused by HR in cellular mitochondria.

4   |   Discussion

Myocardial ischemia–reperfusion injury is an inevitable risk 
event of acute myocardial infarction, and recently, the inci-
dence and mortality of myocardial HR injury have gradually 
risen [5, 26]. BMSCs have multi-prong capabilities, including 
angiogenesis, promoting wound healing, anti-inflammatory ef-
fects, immune regulation, and antioxidant properties [27], and 
BMSCs-derived fPMVs may have typical and significant prop-
erties of functional BMSCs. In this study, rBMSCs with VSVG 
overexpression were successfully established, and fPMVs con-
taining VSVG protein were prepared. It was found that fPMVs 
and their mitochondria could be taken up by rBMSCs, as well as 
in the fPMVs containing VSVG protein, ACTB, HDAC1, VSVG, 

FIGURE 5    |    Effects of fPMVs on the growth of H9c2 cells induced by hypoxia reoxygenation (HR). (A) The mitochondria of fPMVs were labeled 
green fluorescence, and fPMVs could carry mitochondria into H9c2 cells. (B) The cell viability of HR-induced H9c2 cells treated with different con-
centrations of fPMVs. *p < 0.05, vs. control, #p < 0.05, vs. HR.
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CD81, MTCO1, and TOMM20 were up-regulated, while eEF2 
was down-regulated.

ACTB is a highly conserved cytoskeletal structural protein and 
has been considered a common housekeeping gene for many 
years [28]. A previous study has demonstrated that ACTB can 
interact with p53 and negatively regulate p53 nuclear input 
through protein–protein interactions [29]. HDAC1 is an inhibi-
tor of epigenome gene transcription and is involved in DNA dam-
age and cell cycle regulation. It was found that HDAC1 could 
play a crucial role in ischemia reperfusion–induced neuroin-
flammation and blood–brain barrier damage, thereby implying 
its potential as a therapeutic target [30]. The VSVG protein not 
only produces stable, high titer lentiviral vectors with broad cell 
affinity but also produces virus-like particles when it is ectopi-
cally expressed in a variety of eukaryotic cells [31]. In addition, 
VSVG has been modified to target specific cell types and has 
become one of the most widely used platforms for biomedical 
applications [32]. Wang et al. [31] demonstrated that engineered 

lentiviral envelope VSVG could target delivery of IDOL-shRNA 
to the liver, thereby ameliorating hypercholesterolemia and ath-
erosclerosis. It is known that eEF2 is a cytosolic protein and is 
at least partially involved in peptide chain elongation in protein 
synthesis under multiple stimuli. Moreover, the antidepressant 
effect of fluoxetine could be involved in HDAC1-eEF2-related 
neuroinflammation and synaptogenesis [33]. CD81, a membrane 
protein, has a major role in the regulation of cellular interactions 
and cell transport, as well as has been confirmed as a marker 
for EVs [34]. MTCO1 is a key molecule of mitochondria and 
TOMM20 is a structural protein of mitochondria that is respon-
sible for the recognition and translocation of mitochondrial pro-
teins from the cytosol [35]. Combined with our results, it can be 
inferred that the isolated fPMVs may contain cytoplasm, plasma 
membrane, VSVG protein, and organelles, as well as may deliver 
cytoplasmic proteins and mitochondria to target cells.

Further to explore the effects of the isolated fPMVs on the myo-
cardial injury, we constructed a cardiomyocyte injury model by 

FIGURE 6    |    Effects of fPMVs on the mitochondrial functions of H9c2 cells induced by HR. (A) The expression of MT-ND1 in the HR-induced 
H9c2 cells treated with fPMVs. *p < 0.05, vs. control. The contents of TNF-α (B), IL-1β (C), ATP (D), and MRCC IV (E) in the cellular mitochondria 
with different treatments. (F) The ROS levels in the cellular mitochondria with different treatments under a laser scanning confocal microscope. 
*p < 0.05, vs. control, #p < 0.05, vs. HR.
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HR, and then treated with fPMVs. It was obvious that fPMVs 
could carry mitochondria into H9c2 cells, and HR treatment 
could significantly inhibit viability and induce apoptosis of H9c2 
cells; as well as significantly increase the contents of TNF-α and 
IL-1β, and ROS levels both in cells and cellular mitochondria, 
while evidently reducing the levels of ATP, MRCC IV, and MT-
ND1. However, fPVMs could remarkably reverse the changes in 
these indexes caused by HR. Myocardial ischemia–reperfusion 
injury caused by HR is a complex pathophysiological process. 
When calcium is overloaded, the mitochondrial permeability 
transition pore opens, and the production of ROS increases, 
leading to mitochondrial dysfunction and cell death, as well 
as during the process of ischemia–reperfusion, many harmful 
inflammatory cytokines are released, for example, IL-6, IL-1β, 
and TNF-α [4]. Mitochondria have many functions that support 
cell growth, division, and apoptosis; as well as important to mi-
tochondrial function is the protein translocation system, which 
requires many proteins to function properly [36]. A previous 
study has reported that after HR, the viability of H9c2 cells was 
decreased, and the release of lactic dehydrogenase and cell apop-
tosis were increased, accompanied by a higher level of calcium 
[37], which were in accordance with our outcomes.

ATP is the most common and important energy molecule in the 
cell. In order to maintain heart function, cardiomyocytes re-
quire a constant supply of energy, mostly in the form of ATP [38]. 
Zhang et  al. [39] demonstrated that ATP contents in the HR-
induced H9c2 cells were significantly decreased, but the pre-
treatment of Shen Yuan Dan could enhance the ATP contents 
and have a protective function in cardiomyocyte H/R injury by 
regulating mitochondrial mass. Furthermore, most of the cel-
lular ATP used in the heart (> 90%) is produced by oxidative 
phosphorylation of mitochondria, so to study the downstream 
factors of fMVPs affecting ATP synthesis, we detected the ex-
pression of MT-ND1 and the contents of MRCC IV. MT-ND1, 
located in the mitochondrial membrane, provides MRCC I with 
NADH dehydrogenase activity and is involved in mitochondrial 
electron transport and assembly of MRCC I [40]. MT-ND1 plays 
an important role in maintaining the normal physiological func-
tion of the body, and its up-regulation or ectopic expression can 
improve the disease phenotype [40]. MRCC IV is another essen-
tial component of the oxidative respiratory chain, is crucial for 
the generation of ATP in most eukaryotic cells [41]. An anterior 
research demonstrated that the ATP content, TFAM, MT-ND1, 
and MT-CO1 expression were all decreased in the fast-pacing 
cardiomyocytes; whereas the recovery of TFAM could increase 
the ATP content by up-regulating MT-ND1 and MT-CO1 in fast 
pacing cardiomyocytes, thus improving atrial fibrillation [38]. 
Mitochondria are the primary sites of ROS production, and it 
has been reported that ROS produced within mitochondria are 
special drivers for HR damage, including induction of mitochon-
drial permeability transition or oxidative damage of mitochon-
drial structures and molecules [42]. TNF-α and IL-1β are two 
pro-inflammatory cytokines and are observed to be increased 
in the HR-induced myocardial ischemia–reperfusion injury 
[43]. Cen et al. [44] elaborated that HR significantly increased 
the production of ROS and pro-inflammatory cytokines; while 
APPL overexpression could suppress the production of ROS and 
pro-inflammatory cytokines (TNF-α, MCP-1, and IL-1β), thus 
relieve HR-induced myocardial damage. Another study also con-
firmed the increased levels of ROS, TNF-α, and IL-1β in H9c2 

cells after HR, but paeonol pretreatment could mitigate HR-
caused H9c2 injury through inhibiting ROS levels and down-
regulating TNF-α and IL-1β contents [45]. Taken together, we 
speculate that fPMVs may improve myocardial injury caused by 
HR through regulating cellular mitochondrial function (ROS, 
ATP, MRCC IV, and MT-ND1) and inflammatory levels (TNF-α 
and IL-1β).

In conclusion, rBMSCs-derived fPMVs containing VSVG may 
exert protective effects on ischemia reperfusion myocardial 
injury. The possible protection mechanisms are related to the 
mitochondrial transfer of fPMVs, the inhibited inflammatory 
response by decreasing TNF-α and IL-1β levels, and regulation 
of cellular mitochondrial functions. However, our work is a pre-
liminary study, and the application of fPMVs in vivo needs to 
be investigated in the future. Our findings broaden our under-
standing of rBMSCs-derived fPMVs in disease therapy and lay 
the foundation for rBMSCS-derived fPMVs as a novel stem cell 
therapeutic strategy for myocardial injury.
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