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Abstract:

Background/Aims: Reperfusion after an ischaemic insult might cause infarct extension.
Mesenchymal stem cell (MSC)-derived exosomes could attenuate myocardial remodelling
in animal models of myocardial ischaemia reperfusion injury (MIRI), and the present study
aimed to explore the related mechanisms. Methods: In vitro, rat H9C2 cardiomyocytes (H9C2s)
were exposed to H,O,. Cell viability was detected by the CCK-8 assay, apoptosis was detected
by Annexin V-PE/7-AAD staining, ROS production was detected by fluorescence microscopy
and flow cytometry, and apoptosis-related proteins and signalling pathway-related proteins
were detected by western blot analysis. Autophagic flux was measured using the tandem
fluorescent mMRFG-GFP-LC3 assay. MSC-derived exosomes were extracted using the total
exosome isolation reagent. Apoptosis, myocardial infarction size, heart function and myocardial
LC3B expression were examined in an in vivo I/R model by the TUNEL assay, TTC/Evan blue
staining, echocardiography and immunohistochemicalstaining, respectively. Results: In vitro,
H,O, dose-dependently increased ROS production and cell apoptosis in H9C2s and blocked
autophagic flux after 3 h of exposure; autophagy gradually decreased thereafter, and the lowest
level was detected at 12 h after exposure. MSC-derived exosomes reduced H,O,-induced ROS
production and cell apoptosis and enhanced autophagy at 12 h after exposure. In HIC2 cells
exposed to H,O,for 12 h, treatment with exosomes enhanced autophagy via the AMPK/mTOR
and Akt/mTOR pathways. Likewise, in vivo exosome injections in rats that underwent I/R injury
significantly reduced apoptosis and the myocardial infarct size and upregulated myocardial
LC3B expression as well as improved heart function. Conclusions: Our results indicate that
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MSC-derived exosomes could reduce MIRI by inducing cardiomyocyte autophagy via AMPK/

mTOR and Akt/mTOR pathways.
© 2017 The Author(s)
Published by S. Karger AG, Basel

Introduction

Ischaemic heart disease (IHD) is currently one of the leading causes of death worldwide
[1]. Timely reperfusion, the mainstay treatment for IHD, cannot only reduce infarct size but
also improve survival for patients with IHD [2]. However, as documented in many clinical
and basic studies, reperfusion might also lead to infarct extension [3, 4], which is one of the
major components of myocardial ischaemia reperfusion injury (MIRI).

Previous studies have shown that mesenchymal stem cells (MSCs), a type of multipotent
progenitor cell, could improve cardiac function in animal IHD models and in IHD patients
via multiple mechanisms, including cardiomyocyte differentiation, tissue repair, anti-
inflammation and immunosuppression [5]. However, transplanted MSCs have a low survival
rate in the host, and only a small proportion of transplanted MSCs could be evidenced in
target tissue [6, 7]. Despite these limitations, MSC transplantation still works well in certain
circumstances, mainly due to their paracrine effects; it is known that MSCs could secrete a
large number of growth factors, cytokines, and chemokines that promote myocardial cell
proliferation, reduce apoptosis, improve the ischaemic microenvironment and mobilize
endogenous cardiac stem cells [8]. In addition, as with many other cell types, MSCs also
secrete exosomes [9], which can fuse with cellular plasma membranes of recipient cells
and transport proteins and RNA into these cells, thereby altering their fate via various
cellular processes and pathways [9]. Several studies have demonstrated that MSC-secreted
exosomes have a myocardial protective effect post myocardial infarction and MIRI [10-12].
Furthermore, exosome therapy has several advantages, including no risk of aneuploidy, a
lower rate of immune rejection and being an ‘off-the-shelf’ therapeutic strategy [11, 13].

Autophagy is an intracellular metabolic self-degradative process in which cytoplasmic
proteins and damaged organelles are degraded by lysosomes; the degraded products, such
as membrane lipids, proteins, free fatty acids and amino acids further play important roles
in normal cell metabolism, energy generation, and cellular survival [14, 15]. Autophagy is
also closely involved in the pathogenesis of various heart diseases [16]. A previous study
demonstrated that MSC-secreted exosomes improved myocardial viability and attenuated
myocardial remodelling after MIRI in vivo [11]. However, it remains unknown if MSC-secreted
exosomes could also regulate autophagy in a MIRI model. Therefore, the present study
investigated whether and how MSC-secreted exosomes regulate cardiomyocyte autophagy
invitro in H,0_-induced hypoxic H9C2 cells (H9C2s) and in vivo in a rat I/R model.

Materials and Methods

Animals

Male SD (4 to 10 weeks old) rats were purchased from Slac Laboratory Animal Co., Ltd. (Shanghai,
China) and kept under specific pathogen-free conditions. All animal experiments were approved by the
Ethics Committee of Xinhua Hospital, which is affiliated with the Shanghai Jiao tong University School of
Medicine in Shanghai, China. The approval number was XHEC-D-2016-019. Guidelines of the Institutional
Animal Ethics Committee were followed when carrying out in vivo experiments.

Cell isolation and culture

Four-to-six-week-old SD rats were used to isolate bone marrow-derived MSCs. The rats were
anaesthetized using pentobarbital (50 mg/kg, intraperitoneal injection) to minimize suffering and sacrificed
by cervical dislocation without recovery from anaesthesia. Tibias and femurs then were removed under
sterile conditions. The bone ends were cut, and the bone marrow was flushed with PBS (Gibco, Carlsbad, CA,
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USA, Cat#8115178) supplemented with 1%-2% foetal bovine serum (FBS, Gibco, Cat#10099-141). The cell
suspension was then filtered through a 40-pm strainer (BD Falcon, Franklin Lakes, NJ, USA, Cat#352340).
After centrifugation of the filtered suspension at 1, 000 rpm/min for 5 min, the bone marrow cells were
cultured in DMEM/F12, (HyClone, Beijing, China, Cat#SH30023.FS) supplemented with 10% FBS and 1%
penicillin-streptomycin (Gibco, Cat#C0222). The culture medium was changed on the fifth day to remove
non-adherent cells, and the cells were passaged two days later. MSCs were passaged using Trypsin-EDTA
(0.25%) (Gibco, Cat#25200-056) and identified by flow cytometry (FCM, BD Biosciences, San Jose, CA, USA).
Subsequent experiments used third passage cells.

HO9C2 cell lines of rat cardiac origin were purchased from the Shanghai Institute for Biological Science.
Cells were cultured in DMEM/Hi (HyClone, Beijing, China, Cat# SH30243.01B) with 10% FBS and 1%
penicillin-streptomycin at 37°C in a humid environment containing5% CO, and passaged using Trypsin-
EDTA.

Cell viability assay

The CCK-8 assay was used to measure H9C2 cell viability. H9C2s (1, 000/well) were seeded in 96-well
plates overnight. To detect the negative effects of H,0, (Sigma, St. Louis, MO, USA, Ca#216763) on H9C2 cell
viability, cells were incubated with different concentrations (50, 100, 200, and 500 uM) of H,0, for 3 h, 6 h
and 12 h; normal culture media were used for the control group.

To detect the beneficial effects of exosomes on H9C2 cell viability, cells were first co-cultured with
exosomes (10ug/ml) for 12 h and then exposed to H,0, (500 uM) for 12 h. Another group was only co-
cultured with H,0, (500 uM) for 12 h. Normal culture media were used for the control group.

Attheprespecified time points, 10puL of CCK-8 solution (DOJINDO, Kumamoto, Japan, Cat#AY-4710P) was
added to the cells. After incubation for another 4 h, the optical density (OD) values were determined at 450 nm
using a microplate reader (BioTek, Winooski, VT, USA). Each group was tested in triplicate in three replicate
wells. Cellviability or the proliferation rate of treated cells was calculated as relative values to the control group.

Reactive oxygen species measurements

CM-H,DCFDA (Invitrogen, Carlsbad, California, USA, Ca#C6827) was used to measure intracellular ROS
production. A total of 5x10° H9C2s were seeded in 6-well plates overnight. To measure the ROS production
induced by H,0, at different time points, cells were exposed to H,0, (500 uM) for 3 h, 6 h and 12 h. Normal
culture media were used for the control group.

To reduce the ROS formation induced by H,0,, cells were first co-cultured with NAC (5 mM, Sigma,
Ca#1009005) for 1 h and then exposed to H,0, (500 uM) for 12 h. The two groups were analysed as
described above.

The exosome-mediated reduction of ROS formation was assessed using similar groups as that in the
cell viability experiments.

At the prespecified time points, cells were washed with sterile PBS, and 1 ml of DMEM/Hi culture
media containing 5uM CM-H,DCFDA was added. Cells were incubated at 37°C for an additional 30 min and
then washed again; then, 1 ml of PBS was added per well. ROS concentrations were determined by FCM (BD
Biosciences, San Jose, CA, USA) and fluorescence microscopy (Leica,Wetzlar, Germany). For FCM detection,
each group was tested in triplicate.

Annexin V-PE/7AAD assay

Annexin V-PE/7-ADD (eBioscience, Carlsbad, CA, USA, Cat#559763) was detected by FCM to measure
apoptosis in H9C2s. A total of 5x10° H9C2s were seeded in 6-well plates overnight.

To show that antioxidants reduce H9C2 cell apoptosis following induction by H,0,, similar cell groups
as that used in the ROS production reduction by NAC experiments were also used in this experiment. In
addition, to assess the exosome-mediated reduction of H9C2 cell apoptosis, similar experimental groups
were implemented as described in the experiments evaluating the effects of exosomes on cell viability.

At the prespecified time points, cells were collected, washed twice with ice-cold PBS, and incubated for
15 min in 1X Annexin V Binding Buffer containing 7-AAD-Percp and Annexin V-PE. Finally, apoptosis was
detected by FCM and analysed by the FlowJo software (Tree Star Inc., Ashland, OR, USA). Experiments were
carried out in triplicate.
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Western blot analysis

H9C2s were seeded in 6-cm plates overnight. To detect autophagy marker expression, the following
antibodies were used: LC3B (Abcam, Cambridge, England, Ca#ab48394, dilution 1:1, 000), p62 (Abcam,
Ca#ab56416, dilution 1:1, 000) and Beclin-1 (Abcam, Ca#ab55878, dilution 1:1, 000); to detect the
expression levels of apoptosis-related proteins, the following antibodies were used: Bcl-2 (Abcam,
Ca#ab59348, dilution 1:1, 000) and Bax (Abcam, Ca#ab32503, dilution 1:1, 000) following H,0, (500 uM)
treatment at different time points (3 h, 6 h and 12 h) and NAC treatment at 12 h. The cell groupings were as
described above. To detect changes of autophagic flux in the exosome-treated group, after H9C2s were co-
culture with exosomes for 12 h, Baf-A1 (100 nM, Selleck, Houston, Texas, USA, Ca#S1413) was added to the
cells an hour before exposure to H,0, (500 uM) for 12 h; the 3 other groups were treated as described. To
detect changes in p-AMPK/AMPK (Abcam, Ca#ab3706 and Ca#3759, dilution 1:1, 000), p-Akt/Akt (Abcam,
Ca#ab38449 and Ca#8805, dilution 1:1, 000) and p-mTOR/mTOR (Abcam, Ca#ab63552 and Ca#2732,
dilution 1:1, 000) expression in the exosome-treated group, after H9C2s were co-cultured with exosomes
for 12 h, 3-MA (10uM, Sigma, Ca#M9281) was added to the cells an hour before exposure to H,0, (500 uM)
for 12 h; the 3 other groups were treated as described. To assess the two signalling pathways, afterH9C2s
were co-cultured with exosomes for 12 h, CC (5uM,Selleck, Ca#S7840) or Akti, (5uM,Selleck,Ca#S7776) was
added to the cells an hour before exposure to H,0, (500 uM) for 12 h. The other three groups were treated
as described.

At prespecified time points, cells were collected, and cell lysates were prepared. An equal quantity
of protein (40-60pg) was resolved by SDS/PAGE and transferred to polyvinylidene difluoride membranes.
The blots were blocked with 5% milk in Tris-buffered saline with Tween 20 for 2 h at room temperature
and then incubated with primary antibodies overnight at 4°C. The blots were subsequently incubated with
secondary antibodies conjugated with horseradish peroxidase (dilution 1:1000) for 1 h at room temperature
and detected using a chemiluminescence system (Chemi-DocXRS+; Bio-Rad Laboratories, Hercules, CA,
USA). Grey scale values of each blot were measured by Image] software, and the intensity of each band was
normalized to the loading control GAPDH (Beyotime, Shanghai, China, Cat# AG019, dilution 1:1, 000) or the
total target protein. Experiments were carried out in triplicate.

Exosome purification and identification

MSC-derived exosomes were extracted from cells using total exosome isolation reagent (Invitrogen,
ca#4478359). MSCs were seeded in 10-cm plates overnight, and the cells reached 80% confluence before
use. The cells were washed three times with PBS and cultured with serum-free media (Gibco, Cat#12055091)
in a hypoxic (1%) environment for 12 h or 24 h. Twelve or 24 h later, the culture media were collected and
centrifuged at 2, 000 g for 30 min, and then, the media were filtered through a 0.2-um filter (Millipore,
Billerica, MA, USA, Ca#SLGP033RB). After the removal of cellular debris, approximately 100 ml of culture
media from ten plates was concentrated to 500ul or 600ul using a membrane with a 100 kDa MWCO
(Millipore, Ca#UFC910096). Then, the concentrate was transferred to a new tube, and 1/2 of the volume
of total exosome isolation reagent was added and mixed well by pipetting until a homogenous solution
formed. The homogenous solution was incubated at 4°C overnight and then centrifuged at 4°C at 10, 000 g
for 1 h. The supernatant fluid was aspirated and discarded, and the exosomes were resuspended in 20pl of
PBS. The exosomes were stored at -80°C until use. The concentration of exosomes was approximately 10pg
/107 cells, as determined using the BCA assay (Sigma, St. Louis, MO, USA, Ca# BCA1-1KT).

The size distribution and concentration of MSC-derived exosomes were detected using tunable
resistive pulse sensing analysis by qNano (Izon Science, Christchurch, New Zealand). The exosomes diluted
by PBS at a dilution factor of 100 or calibration particles were passed through the Nanopore at a 47.12-mm
stretch with a voltage of 0.76 V. The data were measured using the analysis software Izon Control Suite
v.3.3.2.2.2000 (Izon Science).

Internalization of MSC-derived exosomes into H9C2 cells

MSC-derived exosomes were labelled with PKH, 6 (Sigma, Ca#PKH,6GL) for 15 min at 37°C in the dark
and washed three times in PBS with centrifugation at 100, 000xg at 4°C for 2 h. Then, the labelled exosomes
(10pg/ml) were added to the prepared H9C2s for 6 h, 12 h and 24 h. After incubation, the cells were washed
once with PBS, and the nucleus of the cells was dyed using PBS containing 4, 969-diamidino-2-phenylindole
(DAP], Sigma, Ca# D9542-5 MG) for 5 min. The uptake of MSC-derived exosomes by H9C2 cells was observed
using fluorescence microscopy.
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TEM

To evaluate the characteristics of the exosomes, the supernatant fluids of MSCs that were previously
exposed to a hypoxic environment for 12 h or 24 h were collected, and the exosomes were extracted as
described above. Undiluted exosomes were exposed to 3% formaldehyde and 0.1% glutaraldehyde for 10
min at 37°C. Then, exosomes were loaded onto formvar/carbon-coated grids, contrasted with 2% uranyl
acetate and examined by TEM (PHILIP, Amsterdam, Netherlands, ca#CM-120).

To measure the autophagosomes caused by exosomes, H9C2s were seeded and grouped as described
above.H9C2 cells were harvested by centrifugation (400 g), sectioned and fixed with glutaraldehyde
overnight. After dehydration with cold alcohol, the slides were placed in embedding moulds saturated in
propylene oxide and incubated in an oven at 60°C for 48 h. The 70-nm-thin sections were prepared and
detected by TEM. A total of 3-5 images per section were examined per group in the three independent
experiments.

Autophagic flux measurements

To detect autophagic flux, the mRFP-GFP-LC3 reporter plasmid (1 uL/mL) (Addgene, Cambridge, MA,
USA, 21074) was transfected into H9C2s using lipofectamine 2000 (Invitrogen, 11668-019) according to the
manufacturer’s instructions. Then, the transfected cells were processed and grouped as described above.
The cell Images were obtained using Olympus FV1000 laser scanning confocal microscopy (Olympus, Tokyo,
Japan), and autophagosome and autolysosome dots were quantified manually in at least 4 different H9C2s
per group.

Animal grouping and thel/R injury model

SD rats (n=18) weighing 250-300 g were randomly assigned in equal numbers to three groups (n=6
per group).The three groups were as follows: (1) the sham group, in which a suture was applied to the LAD
(left anterior descending coronary artery) of rats without ligation; (2) the I/R group, in which the LAD was
ligated for 30 min followed by reperfusion for 2 h; and (3) the I/R with exosome injection group, in which
exosomes (5ug) dissolved in 10pl PBS were injected into the anterior and lateral part of the visibly injured
region using a Hamilton syringe with a 30-gauge needle5 min prior to reperfusion.

Myocardial I/R injury in SD rats was established as described previously [17]. In brief, rats were
anaesthetized by intraperitoneal injection of sodium pentobarbital (30 mg/kg) and ventilated with oxygen
using a small animal ventilator. After an incision in the left thorax at the level between the fourth and fifth
ribs, the heart was exposed, and a 6-0 silk suture slipknot was placed around the proximal LAD. Successful
myocardial infarction injury was confirmed by the blanched appearance of the ligation region and marked
arrhythmia. Thirty minutes later, the slipknot was removed. Successful reperfusion was confirmed by
epicardial hyperaemia. After 2 h of reperfusion, the rats were sacrificed, and the heart was rinsed with
saline.

Myocardial tissue preparation

Myocardial tissue near the cardiac apex was harvested and then fixed with 4% paraformaldehyde for
48 h. After fixation, heart tissue was embedded in paraffin and cut into transverse sections (6-pm thickness)
for subsequent histological analysis as well as TUNEL and immunohistochemicalstaining.

TUNEL assay

Cardiomyocytes apoptosis in three groups was measured using the TUNEL assay (Roche, Basel,
Switzerland, Ca#TUN11684817) according to manufacturer’s protocols. The cells with TUNEL-labelled
nuclei were regarded as TUNEL-positive cells, and DAPI labelled all cell nuclei. For each slide, 5 microscopic
fields (200x) were randomly selected to count TUNEL-positive cells and the total number of cells; the TUNEL
staining ratio was calculated as the number of apoptotic cardiomyocytes vs. total myocytes.

Immunohistochemicalstaining

The paraffin slides were dewaxed, and endogenous peroxidase activity was blocked by incubation with
methanol containing 1.5% H,0, for 15 min. Then, the slides were washed three times with PBS. Antigen
retrieval was achieved by boiling the tissues in citrate saline (pH 6.0) solution for 20 min. These slides
were washed with PBS again. Next, 5% goat serum was used to blot the tissues for 30 min at 37°C, and
the slides were incubated with primary antibodies, such as rabbit LC3B (1:150), at 4°C overnight. On the
next day, the slides were treated with goat anti-rabbit IgG secondary antibody for 30 min at 37°C.Then, the
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slides were washed with PBS and incubated with horseradish enzyme tag chain enzyme avidin working
solution for 30 min at 37°C. After washing, the slides were dipped into 3-3’diaminobenzidine, at which
time the target protein LC3B could be visualized by fluorescence microscopy. Haematoxylin was used as the
counterstaining reagent. These slides were then dried, cover slipped and examined under a microscope. The
relative Optical Density (ROD) was calculated by image pro plus software as the ratio of the Integral Optical
Density (I0D) vs.the measured area.

Myocardial infarct size measurements

Another three groups of rats were established as described above (n=4 per group). Myocardial infarct
size was detected by TTC and Evans blue dye staining. After 24 h of reperfusion, 2% Evans Blue dye was
injected into the aorta. Then, the hearts were quickly frozen at -70°C and cut into 2-mm thick slices. The
slices were stained with 1%TTC at room temperature for 30 min. The area stained blue by Evans blue
indicated the area not at risk, whereas the unstained tissues represented AAR. AAR but viable tissue was
stained red by TTC, while the infracted myocardium was not stained by any dye and appeared more white
than other areas. IS was calculated by image pro plus software as the ratio of IS vs. AAR.

Echocardiography

After 7 days of reperfusion, cardiac function was detected in rats assigned to the three groups by
transthoracic echocardiography using a Visual Sonics Vevo 2100 system with a Ms-400 linear transducer
(Visual Sonics Vevo 2100, Toronto, CA)(n=4pergroup). EF and LVFS were measured. All results were
obtained from five consecutive cardiac cycles.

Statistical analysis

All results are presented as the mean#SD. Statistical analysis was performed using SPSS software
19.0 (SPSS Inc., Chicago, IL, USA). Statistical significance was determined by one-way ANOVA followed by
a post hoc Tukey’s test or two-way ANOVA followed by a post hoc Bonferroni test. P < 0.05 was considered
statistically significant.

Results

H,0, induced ROS generation and reduced cell viability in H9C2s

Several mechanisms are involved in MIRI, including energy metabolism disorders,
neutrophil infiltration, calcium overload, vascular endothelial dysfunction [18] and
ROS overproduction [19]. Therefore, H,0,-stimulated H9C2s were used as a model for
ROS overproduction, thus mimicking MIRI. Compared with cells in the control group, H,0,
induced a dose-dependent decrease in cell viability, as measured by CCK-8 in H9C2s at 3
h, 6 h and 12 h; the effect peaked at 12 h for all concentrations tested (Fig. 1A). H9C2 cell
viability was reduced to 50% at 12 h by 500uM H,0, (Fig. 1A), and this concentration was
therefore chosen for subsequent experiments. After exposure to H,0,, ROS production in
H9C2s increased in a dose-dependent manner at 3 h, 6 h and 12 h (Fig. 1B). Additionally,
mean fluorescence intensities of di-chlorodihydrofluorescein diacetate (DCFA) significantly
increased at 6 h and 12 h in H9C2s post H,0, (Fig. 1C).To verify if the effects on H9C2 cell
survival were caused by ROS, the abovementioned experiments were performed in the
presence of an antioxidant, N-acetyl cysteine (NAC). Compared with the H,0, group (12
h, 500 uM), ROS production, mean fluorescence intensities of DCFA (Fig. 1D, E), and cell
apoptosis (Fig. 1F) were significantly reduced in the H,0,+NAC group. The results therefore
suggested that H,0,-induced ROS generation in H9C2s was responsible for the reduced cell
viability.

Changes in autophagy and apoptosis in H9C2s post H,0, stimulation at different time
points
To gain insight into mechanisms underlying changes in autophagy in H9C2s after

exposure to H,0,, autophagy proteins, LC3B and Beclin-1 were detected at 3 h, 6 h and 12
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h after H,0, (500 uM) stimulation. LC3B-II protein levels were significantly increased at 3
h and then decreased at 6 h and 12 h (Fig. 2A). Similar results were obtained for Beclin-1
(Fig. 2A). p62, a marker of degeneration of autophagy, was also detected. P62 protein levels
significantly increased at 3 h, reduced at 6 h and then increased at 12 h post H,0, exposure,
but its level remained lower than that in the control condition (Fig. 2A). Levels of the
apoptosis-related proteins Bcl-2 and Bax [20] were analysed; the former declined and the
latter increased after H,0, exposure in a time-dependent manner (Fig. 2B). Moreover, levels
of LC3B-II and Beclin-1 as well as the Bcl-2/Bax ratio were significantly higher and levels
of p62 were significantly lower in the H,0,+NAC group compared with the H,0,-only group
at 12 h after their respective treatments (Fig. 2C, D). The aforementioned results suggested
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that H,0_-induced cell autophagic flux appeared to be harmful at the early phase but may be
beneficial at a later phase.

MSC-derived exosomes: Characterization and internalization into H9C2s

The exosomes were present in larger quantities in the supernatant fluids of MSCs after
24 h of H,0, exposure (Fig. 3A). qNano analysis showed that most MSC-derived exosomes
were50-150 nm in diameter (Fig. 3B). The concentration of exosome particles from
supernatant fluids of MSCs after 24 h of H,0, stimulation tended to be higher compared that
after12 h of H,0, stimulation (Fig. 3B). Most PKH26-labeled exosomes were localized in the
cytoplasm of H9C2s at 12 h post H,0, stimulation (Fig. 3C). These data suggested that MSC-
derived exosomes could be internalized into H9C2s post H,0, stimulation.

MSC-derived exosomes enhanced H9C2 cell viability and reduced cell apoptosis and ROS

production after H,0,stimulation

Compared to the H,0,-only group, cell viability was significantly increased (Fig. 4A),
ROS production was dramatically decreased (Fig. 4B, C) and the cell apoptosis ratio was
significantly reduced (Fig. 4D) in the H,0,+exosomes group.
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Fig. 3. Characterization of MSC-derived exosomes, and their internalization into H9C2s. (A). Exosomes ex-
tracted using the ExoQuick method from the supernatant fluids after incubating MSCs in hypoxic condi-
tions for 12 h or 24 h were examined using TEM. (B). qNano was used to measure the size distribution and
concentration of MSC-derived exosomes. (C). The internalization of exosomes into H9C2s was detected by
fluorescence microscopy after H9C2s were co-cultured with PKH26-labeled exosomes for 6 h, 12 h and 24
h. Transverse line=100um. Each bar represents the mean+SD of three independent experiments. *P<0.05 as
compared to the control group, and three independent experiments were performed in A and B.

MSC-derived exosomes increased the level of H9C2 cell autophagy

To observe the effects of exosomes on cell autophagy, Bafilomycin A1 (Baf-A1) was
used to inhibit autophagy. Compared with the H,0,-only group, the expression of Beclin-1
and LC3B-II was significantly enhanced (both p<0.01) and the expression of p62 was
significantly decreased in the H,0,+exosomes group (p<0.001) (Fig. 5A), whereas the levels
of LC3B-II, Beclin-1 and p62 were higher in the H,0,+exosomes+Baf-A1l group compared
with the H,0,+exosomes group (Fig. 5A). Compared with the H,0, exposure group, both
autophagosomes and autolysosomes were significantly increased in the exosome-treated
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group (Fig. 5B).Although the levels of autophagosomes were significantly enhanced in the
H,0,+exosomes+Baf-Al group, they were not increased compared with the H,0,+exosomes
group (Fig. 5B). Autophagosomes detected by TEM were similar as that detected by double
fluorescent mRFP-GFP-LC3 (Fig. 5C). As described above, enhancement of autophagy
in H9C2s at 12 h after H,0, exposure could reduce apoptosis. Therefore, increased cell
autophagy induced by MSC-derived exosomes might serve as an important mechanism
responsible for their cytoprotective effects after H,0, stimulation.

MSC-derived exosomes regulate cell autophagy via AMPK/mTOR and Akt/mTOR signalling
Cell autophagy is known to be associated with many signalling pathways, and the
involvement of AMPK/mTOR and Akt/mTOR signalling has been documented in MIRI [21-
23]. We assessed whether MSC-derived exosome-regulated autophagy was partly mediated
through the latter two pathways. Our results showed that p-mTOR/mTOR and p-Akt/Akt
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Fig. 4. MSC-derived exosomes enhanced H9C2 cell viability and reduced the cell apoptosis and ROS
production induced by H,0,. Three groups were studied: control cells; cells exposed to H,0, (500 uM) for 12
h; and cells co-cultured with exosomes (10 pg/ml) for 12 h prior to exposure to H,0, (500 uM) for 12 h. (A).
Cell viability was assessed by CCK-8. (B-C). ROS production was measured by fluorescence microscopy and
FCM. (D). H9C2 cell apoptosis was tested by FCM. Each bar represents the mean+SD of three independent
experiments. Transverse line=100pum. exo=exosomes. *P<0.05; and ***P<0.001 compared to the control

group.
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expression levels were significantly lower in the H,0,+exosomes group than in the H,0,-only
group and that this effect could be reversed by co-treatment with 3-methyladenine(3-MA),
an autophagy inhibitor (Fig. 6A). p-AMPK/AMPK expression was significantly higher in the
H,0,+exosomes group than in the H,0,-only group. Compound C (CC), an AMPK inhibitor,
was used to assess the role of AMPK signalling in exosome-regulated cell autophagy. Cells
were divided into four groups (control, H,0,, H,0,+exosomes and H,0,+exosomes+CC).
p-mTOR/mTOR was dramatically enhanced, whereas p-AMPK/AMPK,LC3B-II and Beclin-1
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Fig. 5. MSC-derived exosomes increased the level of H9C2 cell autophagy. The four groups studied were as
follows: control cells; cells exposed to H,0, (500 uM) for 12 h; cells co-cultured with exosomes (10 pg/ml)
for 12 h prior to exposure to H,0, (500 uM) for 12 h; and cells co-cultured with exosomes (10 ug/ml) for
12 h prior to exposure to Baf-A1 for 1 h and then H,0, (500 uM) exposure for 12 h. (A). LC3B, Beclin-1 and
p62, were detected by WB. (B). Autophagosomes and autolysosomes were detected by tandem fluorescent
mRFG-GFP-LC3 assay. *p<0.05 vs. the control group; #p<0.05 vs. the H,0, group; and $p<0.05 vs. the H,0,
+exo group. C. Autophagosomes were measured by TEM in four groups. Each bar represents the mean+SD
of three independent experiments. Transverse line=100pum. exo=exosomes.*P<0.05; and ***P<0.001
compared to the control group.
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Fig. 6. MSC-derived exosomes regulate cell autophagy via AMPK/mTOR and Akt/mTOR signalling. (A).p-
mTOR/mTOR, p-AMPK/AMPK and p-Akt/Akt were detected by WB in four groups: the control group, the
H,0,-only group, the H,0,+exosomes group, and the H,0,+exosomes+3-MA group. (B). p-AMPK/AMPXK,
p-mTOR/mTOR,LC3B and Beclin 1 were detected by WB in four groups: the control group, the H,0,-only
group, the H,0,+exosomes group, and the H,0,+exosomes+CC group.(C). p-Akt/Akt, p-mTOR/mTOR,LC3B
and Beclin 1 were detected by WB in four groups: the control group, the H,0,-only group, the H,0,+exosomes
group, and the H,0,+exosomes+Akti group. Each bar represents the meantSD of three independent
experiments. exo=exosomes. *P<0.05; and ***P<0.001 compared to the control group.

expression tended to be lower in the CC group compared to that in the exosome-treated
group after cells in both groups were exposed to H,0, (500 uM) for 12 h (Fig. 6B). Akti,
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Fig. 7. Autophagy induced by MSC-derived exosomes decreased rat cardiomyocyte apoptosis and the
myocardial infarction size as well as improved heart function in vivo. (A). LC3B was detected in myocardial
tissue by fluorescence microscopy. ROD was calculated by image pro plus software as the ratio of 10D
vs.the measured area. (B). Cardiomyocyte apoptosis in myocardial tissue was measured using the TUNEL
assay. The TUNEL staining ratio was calculated as the ratio of apoptotic cardiomyocytes vs. total myocytes.
(C). Myocardial infarction size was detected by TTC/Evan blue staining. Blue, red and white stained areas
represent viable myocardium, AAR and IS, respectively. AAR/LV and IS/AAR were calculated by image
pro plus software. (D). The heart function of rats in the four groups was measured by echocardiography.
Each bar represents the mean+SD of four or six independent experiments. Transverse line=100pum.
exo=exosomes.*P<0.05; and ***P<0.001 compared to the control group.

an Akt inhibitor, was also used to assess if exosomes affected autophagy via the Akt/
mTOR pathway. Cells were divided into four groups (control, H,0,, H,0,+exosomes and
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H,0,+exosomes+Akti). Compared to the H,0,-only group and the H,0,+exosomes group, a
significantly reduced p-mTOR/mTOR ratio and enhanced cell autophagy were evidenced
in the H,0,+exosomes+Akti group (Fig. 6C). Therefore, the above results indicated that the
enhanced MSC-derived exosome-induced H9C2 cell autophagy after exposure to H,0, was at

least partly mediated by the AMPK/mTOR and Akt/mTOR signalling pathways.

Autophagy induced by MSC-derived exosomes decreased rat cardiomyocyte apoptosis and

the myocardial infarction size and improved heart function in vivo

Compared with the control group, LC3B expression was significantly enhanced (Fig. 7A)
and cardiomyocyte apoptosis, as detected by the TUNEL assay (Fig. 7B), was significantly
reduced in the infarct area of I/R rats treated with myocardial exosomes. The infarction
size (IS) in the exosome-treated group was also significantly reduced compared with that
in untreated I/R rats (Fig. 7C). The ejection fraction (EF) and left ventricular fractional
shortening (LVFS) in I/R rats treated with exosomes were significantly higher than that in
untreated I/R rats after 7 days of reperfusion (Fig. 7D).

Discussion

The present study documented that MSC-derived exosomes enhanced autophagy and
reduced cell apoptosis and ROS production in H9C2s stimulated by H,0,. Likewise, when
MSC-derived exosomes were injected into the in vivo MIRI rat model, autophagy was
increased, apoptosis and the myocardial infarction size were reduced, and cardiac function
was improved. Our experiments also demonstrated that the above effects were partly
mediated through AMPK/mTOR and Akt/mTOR signalling. To our knowledge, the present
study was the first to document that MSC-derived exosomes could protect against H,O,-
induced injury in H9C2 cells by enhancing autophagy.

Many studies have demonstrated excess ROS production during MIRI, mainly from
the mitochondrial transport chain [24, 25]. Excessive ROS leads to cell death by various
mechanisms, including direct injury to biomolecules (lipids, proteins and DNA) or indirect
injury by the activation of pro-apoptotic pathways [26]. In line with previous studies, we
showed thatH,0,-induced ROS reduced H9C2 cell viability and increased H9C2 cell apoptosis.
The latter effects of ROS were reversed by the antioxidant NAC.

Several studies have demonstrated that enhanced autophagy post-hypoxia or ischaemic
injury has a myocardial protective effect [27, 28]. Excessive ROS production during the
reperfusion stage post-ischaemia can lead to cell autophagy dysfunction. A previous
study showed that moderate myocardial autophagy reduced myocardial apoptosis and
improved myocardial cell survival, whereas excessive autophagy may aggravate myocardial
damage [29]; many other studies have demonstrated that upregulation of autophagy in
cardiomyocytes attenuated MIRI [22, 30, 31]. Matsui et al. reported a beneficial effect from
myocardial autophagy induced by AMPK pathway activation; however, during the reperfusion
stage, excessive autophagy induced by Beclin-1 pathway activation could lead to cell death
[32]. It was also shown that during the reperfusion stage, partial Beclin-1 knockdown could
reduce reoxygenation-induced cardiomyocyte cell death, whereas full Beclin-1 knockdown
reduced autophagosome formation and increased cell death [33]. Therefore, the effects of
ROS-induced autophagy are multi-faceted. In the present study, autophagic flux was blocked
in H9C2s after exposure to H,0, for 3 h; additionally, autophagy was decreased at 6 h and
12 h, which is consistent with a time-dependent decrease in the proliferation-related Bcl-
2 and apoptosis-related Bax ratio. The antioxidant NAC enhanced H,0,-induced autophagy
in H9C2s at 12 h and reversed the Bcl-2/Bax ratio at 12 h. The latter results may provide
new insight into the various effects caused by ROS on autophagy, namely, that autophagy
dysfunction at an early stage appears to be harmful, whereas enhanced moderate autophagy
at a later stage appears to be beneficial.

Several studies have documented that exosomes derived from MSCs have therapeutic
potential by improving cardiacfunction after hypoxia in vitro or myocardial infarction in
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vivo [34-36]; treatment with exosomes reduce the myocardial infarction area and improve
cardiac function in I/R animal models [10, 11]. However, the underlying mechanisms remain
elusive. The present study documented that MSC-derived exosomes not only reduced H,0,-
induced ROS production and apoptosis in vitro but also reduced myocardial cell apoptosis
and myocardial infarction size and improved heart function following MIRI in vivo. To
the best of our knowledge, this is the first report of the beneficial effects of MSC-derived
exosomes in vitro. One study showed that MSC-derived exosomes activated the PI3K/
Akt pathway to prevent myocardial remodelling post-MIRI in vivo [11]. The PI3K/Akt
pathway is a common autophagy signalling pathway [37]. Another report showed that a
reduction of cardiomyocyte-derived exosome release during hypoxia enhanced autophagy
in cardiomyocytes and reduced cardiomyocyte apoptosis caused by hypoxia in vitro [38].
The latter in vivo and in vitro studies hinted that autophagy in H9C2s may be linked to an
MSC-derived exosome-mediated protective mechanism. In fact, we showed, in the present
study that compared with exposure to H,0, alone, treatment with MSC-derived exosomes
significantly enhanced H9C2 cell autophagy and reduced the Bcl-2/Bax ratio. Moreover,
autophagy in rat myocardial cells was enhanced after an in vivo rat I/R model was injected
with exosomes. The aforementioned findings thus provide novel insight into the treatment
mechanism of exosomes in MIRI.

In the present study, we demonstrated that exosomes enhanced the p-AMPK/AMPK
ratio and reduced the p-Akt/Akt and p-mTOR/mTOR ratios in H9C2s after exposure to H,0,
for 12 h, suggesting that the AMPK/mTOR and Akt/mTOR pathways may actively participate
in these processes. Accordingly, previous research has shown that restoration of autophagic
flux in cardiomyocytes by activating the AMPK pathway reduced MIRI [39]. Another study
also demonstrated that autophagy was enhanced in H9C2s following AMPK/mTOR activation
and had protective effects on cells during hypoxia/reoxygenation injury [40]. In the present
study, AMPK inhibition by CC also reversed the exosome-mediated increase in the expression
of LC3B-II and Beclin-1 and decreased the expression of p-mTOR /mTOR, suggesting that
autophagy enhancement in H9C2s by MSC-derived exosomes after exposure to H,0, was at
least partly mediated by modulating the AMPK/mTOR pathway. Our finding is in line with
that of previous in vivo and vitro studies, showing that Akt/mTOR-regulated autophagy in
cardiomyocytes actively participates in hypoxia/reoxygenation injury or MIRI in animal
models [11, 41]. In the present study, Akt inhibition significantly reduced the p-mTOR/
mTOR ratio and enhanced cell autophagy, suggesting that MSC-derived exosome-enhanced
autophagy in H9C2s after exposure to H,0, is at least partly mediated by modulating the Akt/
mTOR pathway.

Conclusion

The findings of the present study provide new insight into the therapeutic effect of
MSC-derived exosomes after H,0,exposure in H9C2 cells and indicate the important role of
autophagy in mediating the beneficial effects of exosomes on MIRIL. Many studies have found
that miRNAs or proteins in the exosomes play a major role in many disease models [42, 43].
Therefore, additional experiments are warranted to determine the role of individual RNA,
miRNA and related protein elements of exosomes and to validate their individual roles in the
effects described above.
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