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Abstract 
Background  Mesenchymal stem cell (MSC)-derived exosomes play significant roles in ameliorating cardiac damage after 
myocardial ischemia-reperfusion (I/R) injury. Long non-coding RNA alpha-2-macroglobulin antisense RNA 1 (Lnc A2M-
AS1) was found that might protect against myocardial I/R. However, whether Lnc A2M-AS1 delivery via MSC-derived 
exosomes could also regulate myocardial I/R injury remains unknown.
Methods  Exosomes were isolated by ultracentrifugation, and qualified by transmission electron microscopy (TEM), nano-
particle tracking analysis (NTA), and Western blot. Hypoxia/reoxygenation (H/R) treatment in human cardiomyocytes was 
used to mimic the process of myocardial I/R in vitro. The viability and apoptosis of cardiomyocytes were detected using cell 
counting kit-8, flow cytometry, and Western blot assays. The contents of lactate dehydrogenase (LDH), malondialdehyde 
(MDA), and superoxide dismutase (SOD) were evaluated using corresponding commercial kits. The quantitative real-time 
polymerase chain reaction and Western blot were used to determine the expression levels of Lnc A2M-AS1, microRNA 
(miR)-556-5p, and X-linked inhibitor of apoptosis protein (XIAP). The binding interaction between miR-556-5p and Lnc 
A2M-AS1 or XIAP was confirmed by the dual-luciferase reporter, RIP and pull-down assays.
Results  Exosomes isolated from hMSCs (hMSCs-exo) attenuated H/R-induced apoptosis and oxidative stress in cardiomyo-
cytes. Lnc A2M-AS1 was lowly expressed in AMI patients and H/R-induced cardiomyocytes. Besides, Lnc A2M-AS1 was 
detectable in hMSCs-exo, exosomes derived from Lnc A2M-AS1-transfected hMSCs weakened H/R-induced apoptosis and 
oxidative stress, and enhanced the protective action of hMSCs-exo on H/R-induced cardiomyocytes. Further mechanism 
analysis showed that Lnc A2M-AS1 acted as a sponge for miR-556-5p to increase XIAP expression level. Importantly, miR-
556-5p overexpression or XIAP knockdown reversed the action of exosomal Lnc A2M-AS1 on H/R-induced cardiomyocytes.
Conclusion  Lnc A2M-AS1 delivery via MSC-derived exosomes ameliorated H/R-induced cardiomyocyte apoptosis and 
oxidative stress via regulating miR-556-5p/XIAP, opening a new window into the pathogenesis of myocardial I/R injury.
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Introduction

Acute myocardial infarction (AMI) is one of the leading 
causes of the mortality of cardiovascular diseases [1]. 
Pathologically, AMI results from the occlusion of coro-
nary artery, and timely and effective reperfusion of blood 
to the ischemic myocardium remains the only therapeutic 
approach for the salvage of viable ischemic myocardium and 
the limitation of myocardial infarction size [2]. Neverthe-
less, the restoration of blood supply to ischemic heart can 
aggravate the injury of ischemic myocardium, thus leading 
to ischemia-reperfusion (I/R) injury [3, 4], and cardiomyo-
cyte death and oxidative stress have been revealed to be 
involved in this complex, multifactorial process [3, 5, 6].

Mesenchymal stem cells (MSCs) are multipotent stem 
cells with the ability for self-renewal and differentiation 
into tissue-specific cells such as bone, cartilage cells, car-
diomyocytes, and vascular endothelial cells [7, 8]. They 
hold great potential for cellular therapy and regenerative 
medicine due to the role of MSCs in tissue wound healing, 
growth, and maintenance of the cell supply to compensate 
for cell loss owing to pathology, and apoptosis has been 
widely accepted [9]. Importantly, numerous studies show 
that MSCs can be of great significance for the regenera-
tion of ischemic cardiac muscle [10, 11]. MSCs can pro-
duce abundant amounts of exosomes [12]. Exosomes are 
described as the 40–150-nm diameter vesicles, which are 
actively secreted from different mammalian cell types [13]. 
They are natural information carriers, delivering exoso-
mal surface proteins and complex bio-functional cargoes, 
including lipids, proteins, nucleic acids, and other metabo-
lites, to cells in local environments or distant metastatic 
sites, thus affecting the physiological and pathological 
behaviors of recipient cells [14–17]. Recently, plenty of 
evidence has shown that exosomes have protective roles in 
ischemic heart disease by alleviating myocardial I/R injury, 
promoting cardiac regeneration and angiogenesis, as well 
as suppressing fibrosis [18, 19]. Furthermore, MSC-derived 
exosomes emerge as significant players in ameliorating car-
diac damage after MI and myocardial I/R injury [20, 21].

Long non-coding RNAs (lncRNAs) have been revealed 
to participate in diverse pathological and physiological 
processes, and their abnormalities in expression par-
ticipated in myocardial I/R injury [22, 23]. Previous 
studies exhibited that lncRNA alpha-2-macroglobulin 
antisense RNA 1 (Lnc A2M-AS1) was decreased in 
MI [24]; re-expression of Lnc A2M-AS1 could notably 
weaken hypoxia/reoxygenation (H/R)-induced apopto-
sis in cardiomyocytes by regulating IL1R2 expression 
[25], suggesting the potential involvement of Lnc A2M-
AS1 in attenuating myocardial I/R injury. In recent, a 
theory called the competing endogenous RNA (ceRNA) 

hypothesis exhibits that lncRNAs, mRNAs, and pseu-
dogenes can regulate the expression of each other via 
competing for shared microRNAs (miRNA/miR), which 
has been clarified to be a common mechanism by which 
lncRNA function [26, 27]. However, the miRNA/mRNA 
axis underlying Lnc A2M-AS1 in myocardial I/R injury 
is still vague. Besides that, Lnc A2M-AS1 was found to 
be down-regulated in exosomes derived from hypoxic 
cardiomyocytes [28]. However, if Lnc A2M-AS1 deliv-
ered via MSC-derived exosomes could also regulate myo-
cardial I/R injury remains unknown.

Herein, the present work employed H/R-treated human 
cardiomyocytes to mimic the process of myocardial I/R 
in vitro to investigate whether and how exosomal Lnc A2M-
AS1 from MSCs regulated H/R-mediated cardiomyocyte 
damage; moreover, the underlying miRNA/mRNA axis 
mediated the effects of Lnc A2M-AS1 was also investigated.

Materials and Methods

Patients and Blood Collection

Seventy blood samples (5 mL), including 30 health indi-
viduals without myocardial disease and 40 AMI cases, were 
collected from The Second Affiliated Hospital of Hainan 
Medical College. Following centrifugation at 2000 g for 10 
min, the blood samples were preserved at −80 °C for fur-
ther analysis. All AMI diagnoses were confirmed by two 
cardiologists. The smoking and drinking diabetic patients 
were excluded. This work was endorsed and supervised by 
the Ethics Committee of the Second Affiliated Hospital of 
Hainan Medical College according to the Declaration of 
Helsinki, and each subject provided written informed con-
sent before this study. The detail clinical information of all 
subjects is shown in Table 1.

Cell Culture

Human bone marrow–derived MSCs (hMSCs) and human 
cardiomyocyte cell line AC16 were obtained from Jining 
Cell Culture Center (Shanghai, China). The hMSCs were 
grown in the α-modified Eagle’s medium (MEM), and 
AC16 cells were cultured in Dulbecco’s modified Eagle 
medium/nutrient mixture F-12 (DMEM/F-12; Life Tech-
nologies, Scotland, UK). All mediums contained 10% fetal 
bovine serum (FBS; HyClone, Logan, Utah, USA ), 100 
μg/mL streptomycin (HyClone), and 100 U/mL penicillin 
(HyClone), and then were maintained in 5% CO2 atmos-
phere at 37 °C. Cells passaged passage 2 and 3 were used 
for further experiments.
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Isolation and Identification of Exosome

The isolation of exosomes prepared from hMSCs as 
previously described [29]. Following 48 h of culture, the 
exosome-depleted conditioned culture medium of hMSCs 
was collected and centrifuged at 4000 × g for 10 min at 4 
°C to remove cell fragments, followed by centrifugation 
at 17,000 × g for 1 h at 4 °C to remove remaining 
macropolymers. After filtering with a 0.22-μm pore filter, 
the filtrate was further ultracentrifuged at 200,000 × g for 
1 h at 4 °C. Then, vesicles were collected, resuspended in 
phosphate-buffered saline (PBS), and repeatedly subjected 
to a ultracentrifugation at 200,000 × g for 1 h at 4 °C; then, 
exosomes were collected and dissolved in ice-cold PBS 
for further analysis. The structures of exosomes were 
identified by the transmission electron microscopy (TEM) 
(FEI, Hillsboro, OR, USA) (× 200), and nanoparticle 
tracking analysis (NTA) (NanoSight NS300, Malvern 
Panalytical, Malvern, UK) was performed to quality the 
size distribution of exosomes. For cell incubation, AC16 
cells (2 × 105) were co-cultured with 10 μg exosomes of 
each group for 48 h.

Cell Transfection

For transient transfection, hMSCs (5 × 105) or AC16 cells 
(1 × 106) were plated at a dish until 80% confluence. 2 μg 
of pcDNA3.1-Lnc A2M-AS1 overexpressing plasmid (Lnc 
A2M-AS1) or negative control (vector) (GeneCopoepia Bio-
sciences, Shanghai, China) were transfected into hMSCs. 
Besides, 50 nM of miR-556-5p mimic (miR-556-5p), 50 
nM of XIAP small interfering RNA (siRNA) (si-XIAP), 
or the negative control (miR-NC or si-NC) (GeneCopoepia 

Biosciences) were transfected into AC16 cells, followed by 
co-culturing with indicated exosomes. 50 nM of miR-556-5p 
inhibitor or negative control (anti-miR-NC) were transfected 
into AC16 cells. All transfection was conducted using the 
Lipofectamine 2000 (Invitrogen, San Diego, CA, USA) 
according to the manufacturer’s protocol.

H/R Simulation

AC16 cells were cultivated in a hypoxic chamber at 37 
°C with serum- and glucose-deficient DMEM/F-12 for 
6 h, followed by reoxygenation for 12 h in DMEM/F12 
containing 10% FBS with 5% CO2 and 95% air at 37 °C. 
Cells cultured under normal oxygen conditions were used 
as the control.

Cell Counting Kit‑8 Assay

AC16 cells were plated into each well of 96-well plates for 
48 h. Then, cell viability was assayed using the CCK-8 solu-
tion (10 μL, Biotech, Nanjing, China) by reading absorbance 
at 450 nm with a microplate reader.

Flow Cytometer

Cell apoptosis was analyzed by the staining of Annexin V 
labeled by fluorescein isothiocvanate (FITC) (10 μL, BD 
Biosciences, Heidelberg, Germany) and propidium iodide 
(PI) (10 μL; Life Technologies) under darkness using a FAC-
SCalibur flow cytometry (BD Biosciences).

Western Blot

AC16 cells and exosomes were homogenized in RIPA 
lysis buffer; then, protein was separated by 10% SDS-
polyacrylamide gel electrophoresis and transferred onto 
a nitrocellulose membrane. After with 5% non-fat milk 
blocking for 1 h, the membrane was incubated with primary 
antibodies at 4 °C all might, followed by probing with 
secondary antibody at 37 °C for 2 h. Membranes carrying 
protein blots were visualized by ECL detection system 
(Life Technologies). The primary antibodies included 
TSG101 (1:5000, ab125011), CD81 (1: 2000, ab109201), 
CD63 (1:2000, ab68418), CD9 (1:2000, ab92726), 
Calnexin (1:2000, ab22595) B-cell lymphoma-2 (Bcl-2) 
(1:1000, ab692), Bcl-2-associated X protein (Bax) (1:1000, 
ab32503), Cleaved-caspase 3 (c-caspase 3) (ab2302, 
Abcam), caspase 3 (1:5000, ab32351), and glyceraldehyde-
phosphate dehydrogenase (GAPDH) (1:5000, ab181602) 
(Abcam, Cambridge, MA, USA).

Table 1   Baseline characteristics

Values were presented as mean ± SD or n (%). Student’ s t-test and χ2 
test was used respectively. P < 0.05 was considered significant
Abbreviations: HDL-C high-density lipoprotein cholesterol, LDL-C low-
density lipoprotein cholesterol, TC total cholesterol, TG triglycerides

Variables Health control (n = 30) AMI (n = 40) P-value

Age, years 55.70 ± 9.60 57.50 ± 8.21 0.412
Female, % (n) 15 (50%) 22(55%) 0.678
Systolic BP (mm Hg) 129.20 ± 18.06 131.00 ± 22.60 0.712
Diastolic BP (mm Hg) 80.60 ± 9.62 79.86 ± 10.67 0.762
TC, mmol/L 4.30 ± 1.06 6.30 ± 0.62 0.000*
TG, mmol/L 1.58 ± 1.12 1.88 ± 1.36 0.316
HDL-C, mmol/L 1.03 ± 0.36 1.25 ± 0.39 0.017*
LDL-C, mmol/L 2.72 ± 0.85 2.64 ± 0.87 0.70
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Measurement of Lactate Dehydrogenase, 
Malondialdehyde, and Superoxide Dismutase

AC16 cells were centrifuged at 4000 g for 10 min at 37 °C; 
then, the resulting supernatant was collected and commercial 
LDH, MDA, and SOD determination kits obtained from San-
gon Biotech (Shanghai, China) were used to measure their 
contents referring to the manufacturer’s recommendations.

Quantitative Real‑Time Polymerase Chain Reaction

Total RNA was isolated from blood samples, cultured cells, 
and exosomes using trizol reagent (Life Technologies). 
Reverse transcription was performed from 1 μg of RNA 
using the PrimeScript RT Reagent Kit (Takara, Dalian, 
China). Levels of mRNAs and miRNAs were quantified 
by quantitative real-time PCR with SYBR® Select Master 
Mix (Takara). U6 or GAPDH was used as the normalization 
control. The primer sequences were listed as follows:

Lnc A2M-AS1: F 5′-GCA​CCA​CAC​AGA​AGT​GAT​AGC-
3′, R 5′-TGA​GCC​AAG​AGA​GTC​TGA​GGA-3′;
X-linked inhibitor of apoptosis protein (XIAP): F 5′-ACC​
GTG​CGG​TGC​TTT​AGT​T-3′, R 5′-TGC​GTG​GCA​CTA​
TTT​TCA​AGATA-3′;
GAPDH: miR-556-5p: F 5′-GGC​AGG​GAT​GAG​CTC​
ATT​GTA-3′, R 5′-CTC​AAC​TGG​TGT​CGT​GGA​-3′;
U6: F 5′-CTC​GCT​TCG​GCA​GCACA-3′, R 5′-AAC​GCT​
TCA​CGA​ATT​TGC​GT-3′.

Dual‑Luciferase Reporter Assay

The direct relations between miR-556-5p and Lnc A2M-AS1 
or XIAP 3′ untranslated region (3′UTR) were estimated by 
bioinformatics analysis. The Lnc A2M-AS1 or XIAP wild 
(WT) and mutant (MUT) sequences produced by GenePharma 
(Shanghai, China) were inserted into the pGL3-Basic Vector to 
establish luciferase reporter vectors (Lnc A2M-AS1-WT/MUT 
or XIAP 3′ UTR-WT/MUT). HEK293 cells (Jining Cell Culture 
Center, Shanghai, China) infected with miR-556-5p mimic or 
mimic control were seeded into 96-well plates. When the cell 
density reached 70% confluency, cells were transfect with 50 
ng pGL3 Vector and 10 ng pRL-TK Renilla. Finally, the Dual-
Luciferase Reporter Assay System (Promega, Madison, WI, 
USA) was used to determine the luciferase activity.

RNA Immunoprecipitation Assay

RIP assay was performed according to the instructions of 
Magna RIP RNA-Binding Protein Immunoprecipitation Kit 

(Millipore, Billerica, MA, USA) with antibodies specific 
for Argonaute 2 (Ago2) (ab186733, Abcam) or control IgG 
(Millipore). The coprecipitated RNAs were then eluted, used 
for cDNA synthesis, and detected by qRT-PCR.

Pull Down Assay

AC16 cells were lysed and then incubated with streptavi-
din-coated magnetic beads containing biotin-labeled miR-
556-5p (Bio-miR-556-5p wt), Bio-miR-556-5p mut, or Bio-
miR-NC (Life Technologies) at 4 °C overnight. After being 
digested by proteinase K, beads were extensively washed, 
and the expression of Lnc A2M-AS1 and XIAP was assayed.

Statistical Analysis

Data were displayed in the form of mean ± standard devia-
tion (SD). Group comparison was conducted using Stu-
dent’s t test (two-sided) or analysis of variance followed by 
Tukey’ s post hoc analysis. Pearson’s correlation coefficient 
was applied to evaluate the relationship between two vari-
ables. Data analysis was performed using GraphPad Prism 
7 software (GraphPad, San Diego, CA, USA) with P < 0.05 
suggested statistically significant.

Results

Identification of Exosomes Isolated from hMSCs

We isolated exosomes in cultured hMSCs, named as hMSCs-
exo. TEM data showed a typical cup-shaped morphology 
(Fig. 1A). Western blot analysis showed that the specific 
exosomal markers TSG101, CD63, CD81, and CD9 were 
evident in exosomes, while Calnexin, a negative marker, 
was not detectable in exosomes (Fig. 1B). In addition, the 
predominant size of the vesicles was 100–140 nm, consist-
ent with the characteristic size range of exosomes (Fig. 1C).

Exosomes Isolated from hMSCs Relieved 
H/R‑Induced Apoptosis and Oxidative Stress 
in Cardiomyocytes

To determine the role of hMSCs-exo in myocardial I/R 
injury, AC16 cells were co-cultured with exosomes (10 
μg) for 48 h, followed by H/R stimulation. CCK-8 assay 
showed that hMSCs-exo treatment reversed H/R stimula-
tion-induced inhibition on AC16 cell viability (Fig. 2A). 
Besides that, H/R stimulation led to an increase of AC16 
cell apoptosis rate, accompanied by the down-regulation 
of Bcl-2 protein level as well as up-regulation of Bax 
and c-caspase 3 protein levels, while this condition was 
attenuated by hMSCs-exo treatment (Fig.  2B, C). In 
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addition, hMSCs-exo treatment reduced the contents 
of LDH and MDA, but enhanced SOD content in H/R 
stimulated AC16 cells, thus suppressing oxidative stress 
(Fig. 2D). Taken together, these results suggested that 
exosomes isolated from hMSCs protected cardiomyocytes 
against H/R injury.

Lnc A2M‑AS1 Delivered via MSC‑Derived Exosomes 
Reversed H/R‑Induced Apoptosis and Oxidative 
Stress in Cardiomyocytes

The expression profile of Lnc A2M-AS1 was analyzed in 
AMI patients, and the detail clinical characteristics are 
shown in Table 1. Compared with health control, patients 

Fig. 1   Identification of exosomes isolated from hMSCs. A TEM 
images of exosomes isolated from hMSCs (n = 3). Scale bar, 200 nm. 
B Western blot for TSG101, CD63, CD81, and CD9 in exosomes (n 

= 3). C NTA for size distribution of exosomes isolated from hMSCs 
(n = 3). All experiments were repeated three times independently

Fig. 2   Exosomes isolated from hMSCs relieved H/R-induced apop-
tosis and oxidative stress in cardiomyocytes. A–D AC16 cells were 
cultured with exosomes (10 μg) or PBS, followed by H/R stimulation. 
A CCK-8 assay for cell viability analysis (n = 3). B Flow cytomet-
ric analysis of cell apoptosis (n = 3). C Measurement of Bcl-2, Bax, 

caspase 3, and c-caspase 3 protein levels using Western blot (n = 3). 
D Detection of LDH, MDA, and SOD contents in cells using cor-
responding commercial kits (n = 3). All experiments were repeated 
three times independently. *P < 0.05
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with AMI were correlated with age triglycerides (TG), and 
high-density lipoprotein cholesterol (HDL-C) in the serum. 
Moreover, compared with the healthy individuals, Lnc 
A2M-AS1 expression was lower in the blood samples of 
AMI (Fig. 3A), and there was no gender difference in term 
of LncA2M-AS1 expression (Fig. S1A). Consistent with 
the expression profile of Lnc A2M-AS1 in AMI, H/R stim-
ulation induced a significant reduction of Lnc A2M-AS1 

expression in AC16 cells (Fig. 3B). Thus, we speculated 
that Lnc A2M-AS1 might be associated with myocardial 
I/R injury. To evaluate the role of exosomal Lnc A2M-
AS1 in myocardial I/R injury, hMSCs were transfected 
with Lnc A2M-AS1 or vector, then exosomes were isolated 
from transfected hMSCs. The morphology and identifica-
tion of exosomes are shown in Fig. S2A, B. As expected, 
Lnc A2M-AS1 expression in exosomes isolated from Lnc 

Fig. 3   Exosomes derived from Lnc A2M-AS1-transfected hMSCs 
transferred Lnc A2M-AS1 to cardiomyocytes and relieved H/R-
induced injury. A The expression of Lnc A2M-AS1 was detected in 
AMI patients (n = 40) and healthy individuals (n = 30) using qRT-
PCR. B Measurement of Lnc A2M-AS1 expression in AC16 cells 
with or without H/R stimulation was performed using qRT-PCR (n 
= 3). C qRT-PCR analysis of exosomal Lnc A2M-AS1 expression in 
exosomes isolated from hMSCs transfected with Lnc A2M-AS1 or 
vector (n = 3). D–H AC16 cells were incubated with PBS, hMSCs-

exo, vector-exo, or Lnc A2M-AS1-exo, followed by H/R stimulation. 
D qRT-PCR analysis of Lnc A2M-AS1 expression in cells. E CCK-8 
assay for cell viability analysis (n = 3). F Flow cytometric analysis of 
cell apoptosis (n = 3). G Western blot analysis of Bcl-2, Bax, caspase 
3 and c-caspase 3 protein levels in cells (n = 3). H Measurement of 
LDH, MDA and SOD contents in cells using corresponding commer-
cial kits (n = 3). All experiments were repeated three times indepen-
dently. *P < 0.05

896 Cardiovascular Drugs and Therapy (2023) 37:891–904



1 3

A2M-AS1-transfected hMSCs (Lnc A2M-AS1-exo) was 
higher than those in exosomes isolated from vector-trans-
fected hMSCs (vector-exo) (Fig. 3C). Then, we discovered 
that levels of Lnc A2M-AS1 were up-regulated in H/R-
induced AC16 cells upon incubation with hMSCs-exo, 
and there were greater levels of Lnc A2M-AS1 in these 
cells exposed to Lnc A2M-AS1-exo by contrast with cor-
responding counterparts (Fig. 3D). Functionally, it showed 
that Lnc A2M-AS1-exo increased cell viability (Fig. 3E) 
and reduced cell apoptosis in H/R-induced AC16 cells 
(Fig. 3F, G). Besides, we demonstrated that Lnc A2M-
AS1-exo decreased LDH and MDA levels, but increased 
SOD level in H/R-induced AC16 cells (Fig. 3H). These 
data suggested that Lnc A2M-AS1-exo secreted by hMSCs 
relieved H/R-induced apoptosis and oxidative stress in 
cardiomyocytes and enhanced the protective effects of 
hMSCs-exo on H/R-induced cardiomyocytes.

MiR‑556‑5p Was a Target of Lnc A2M‑AS1

To investigate the underlying mechanism of Lnc A2M-
AS1 in myocardial I/R injury, bioinformatics analysis 

was performed to identify miRNAs with Lnc A2M-AS1 
binding sites, which showed a strong binding between Lnc 
A2M-AS1 and miR-556-5p (Fig. 4A). qRT-PCR analy-
sis showed that transfection of miR-556-5p mimic sig-
nificantly elevated miR-556-5p expression in HEK293T 
cells compared with its negative control (Fig. 4B). Then 
results of dual-luciferase reporter assay suggested that 
miR-556-5p mimic reduced the luciferase activity of the 
wild type Lnc A2M-AS1 vector but not the mutated one 
in HEK293T (Fig. 4C). Meanwhile, RIP assay showed 
that relative to anti-IgG immunoprecipitates, Lnc A2M-
AS1 and miR-556-5p were enriched preferentially by 
anti-Ago2 immunoprecipitates in AC16 cells (Fig. 4D). 
Moreover, pull-down assay indicated that Lnc A2M-AS1 
was overly captured by Bio-miR-556-5p wt in AC16 cells 
(Fig. 4E). All these results confirmed the direct interac-
tion between Lnc A2M-AS1 and miR-556-5p. In addition, 
we up-regulated Lnc A2M-AS1 expression level in AC16 
cells through the transfection of Lnc A2M-AS1 vector 
(Fig. 4F); it was found that Lnc A2M-AS1 overexpres-
sion reduced miR-556-5p expression level in AC16 cells 
(Fig. 4G). Additionally, miR-556-5p was highly expressed 

Fig. 4   MiR-556-5p was a target of Lnc A2M-AS1. A A putative 
binding site of miR-556-5p on Lnc A2M-AS1. B Transfection effi-
ciency of miR-556-5p mimic in HEK293T cells using qRT-PCR (n = 
3). C–E Interaction analysis between miR-556-5p and Lnc A2M-AS1 
using dual-luciferase reporter assay, RIP assay, and pull-down assay 
(n = 3). F, G qRT-PCR of Lnc A2M-AS1 and miR-556-5p expres-

sion in AC16 cells transfected with Lnc A2M-AS1 or vector (n = 3). 
H Detection of miR-556-5p expression in AMI patients (n = 40) and 
healthy control (n = 30) using qRT-PCR. I Analysis of the correlation 
between miR-556-5p and Lnc A2M-AS1 expression using Pearson’s 
correlation coefficient (n = 40). All experiments were repeated three 
times independently. *P < 0.05
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in AMI patients (Fig. 4H), which was negatively correlated 
with Lnc A2M-AS1 (Fig. 4I). Besides, there are no gender 
differences in term of miR-556-5p expression (Fig. S1B). 
Therefore, we confirmed that Lnc A2M-AS1 targeted miR-
556-5p and suppressed its expression in cardiomyocytes.

Exosomes Derived from Lnc A2M‑AS1‑Transfected 
hMSCs Relieved H/R‑Induced Injury 
in Cardiomyocytes Through miR‑556‑5p

It was discovered that miR-556-5p expression was higher 
in H/R-induced cardiomyocytes (Fig. 5A). Then, we ana-
lyzed whether miR-556-5p mediated the action of exo-
somal Lnc A2M-AS1 on H/R-induced cardiomyocytes. 
qRT-PCR analysis suggested that miR-556-5p mimic 
increased miR-556-5p level in AC16 cells (Fig.  5B). 
Then, transfected AC16 cells were co-cultured with Lnc 

Fig. 5   Exosomes derived from Lnc A2M-AS1-transfected hMSCs 
attenuated H/R-induced injury in cardiomyocytes through miR-
556-5p. A Measurement of miR-556-5p expression in AC16 cells 
with or without H/R stimulation using qRT-PCR (n = 3). B qRT-
PCR analysis of miR-556-5p expression in AC16 cells transfected 
with miR-556-5p or miR-NC (n = 3). C–G AC16 cells were treated 
with vector-exo, Lnc A2M-AS1-exo, Lnc A2M-AS1-exo + miR-NC, 
or Lnc A2M-AS1-exo + miR-556-5p, followed by H/R stimulation. 

C qRT-PCR analysis of miR-556-5p expression in cells (n = 3). D 
CCK-8 assay for cell viability analysis (n = 3). E Flow cytometric 
analysis of cell apoptosis (n = 3). F Western blot analysis of Bcl-
2, Bax, caspase 3, and c-caspase 3 protein levels in cells (n = 3). G 
Measurement of LDH, MDA, and SOD contents in cells using cor-
responding commercial kits (n = 3). All experiments were repeated 
three times independently. *P < 0.05
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A2M-AS1-exo; followed by H/R stimulation, it was dis-
covered that Lnc A2M-AS1-exo down-regulated miR-
556-5p expression in H/R-induced AC16 cells, which 
was rescued by miR-556-5p transfection (Fig. 5C). After 
that, rescue assay was conducted. The results showed that 
miR-556-5p overexpression abolished Lnc A2M-AS1-exo-
evoked promotion on cell viability (Fig. 5D), suppression 
on cell apoptosis (Fig. 5E, F), reduction on LDH and MDA 
levels, and elevation on SOD content (Fig. 5G) in H/R-
induced AC16 cells. In all, Lnc A2M-AS1-exo attenuated 
H/R-induced cardiomyocytes injury through miR-556-5p.

XIAP Was a Target of miR‑556‑5p and Lnc A2M‑AS1 
Regulated XIAP Expression by Targeting miR‑556‑5p

Through the starBase database, we identified XIAP as 
a potential target of miR-556-5p (Fig.  6A). The dual-
luciferase reporter assay suggested that co-transfection 
of wild-type XIAP 3′UTR and a miR-556-5p mimic led 

to a reduction of luciferase activity in HEK293T cells 
(Fig. 6B). Further pull-down assay indicated that XIAP 
was overly captured by Bio-miR-556-5p wt in AC16 cells 
(Fig. 6C). Besides, we found miR-556-5p up-regulation 
decreased XIAP expression in AC16 cells (Fig. 6D). Fur-
thermore, after confirming the interference efficiency of 
miR-556-5p inhibitor (Fig. 6E), it was observed that inhi-
bition of miR-556-5p caused an increase of XIAP expres-
sion in AC16 cells (Fig. 6F). Therefore, we validated that 
miR-556-5p targeted XIAP and negatively regulated its 
expression. In addition, we also found Lnc A2M-AS1 ele-
vated XIAP expression in AC16 cells (Fig. 6G), which was 
reduced by miR-556-5p up-regulation (Fig. 6H). Moreo-
ver, XIAP was lowly expressed in AMI patients (Fig. 6I), 
and there are no gender differences in XIAP expression 
(Fig. S1C). Besides, XIAP was negatively correlated with 
miR-556-5p (Fig. 6J), while positively correlated with Lnc 
A2M-AS1 (Fig. 6K). Thus, it was also confirmed that Lnc 

Fig. 6   XIAP was a target of miR-556-5p and Lnc A2M-AS1 regu-
lated XIAP expression by targeting miR-556-5p. A A putative bind-
ing site of miR-556-5p on XIAP 3′UTR. B, C Interaction analysis 
between miR-556-5p and XIAP using dual-luciferase reporter assay 
and pull-down assay (n = 3). D Western blot analysis of XIAP level 
in AC16 cells transfected with miR-NC or miR-556-5p (n = 3). E 
qRT-PCR analysis of miR-556-5p expression in AC16 cells trans-
fected with anti-miR-NC or anti-miR-556-5p (n = 3). F Western blot 
analysis of XIAP expression level in AC16 cells transfected with 
anti-miR-NC or anti-miR-556-5p (n = 3). G Western blot analysis of 

XIAP expression level in AC16 cells transfected with Lnc A2M-AS1 
or vector (n = 3). H Western blot analysis of XIAP expression level 
in AC16 cells transfected with vector, Lnc A2M-AS1, Lnc A2M-AS1 
+ miR-NC, or Lnc A2M-AS1 + miR-556-5p (n = 3). I Detection of 
XIAP expression in AMI patients (n = 40) and healthy control (n = 
30) using qRT-PCR. J, K Analysis of the correlation between XIAP 
and miR-556-5p or Lnc A2M-AS1 expression using Pearson’s corre-
lation coefficient (n = 40). All experiments were repeated three times 
independently. *P < 0.05
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A2M-AS1 served as a sponge for miR-556-5p to increase 
XIAP expression.

Exosomes Derived from Lnc A2M‑AS1‑Transfected 
hMSCs Attenuated H/R‑Induced Cardiomyocyte 
Injury Through miR‑556‑5p

XIAP was found to be decreased by H/R stimulation in 
AC16 cells (Fig.  7A). Moreover, considering the Lnc 
A2M-AS1/miR-556-5p/XIAP axis, we further clarified 

whether XIAP mediated the effects of Lnc A2M-AS1-exo 
on H/R-induced cardiomyocytes. Western blot analysis 
showed that transfection of si-XIAP led to a decreased 
XIAP level in AC16 cells (Fig.  7B). Then transfected 
AC16 cells were co-cultured with Lnc A2M-AS1-exo, 
followed by H/R stimulation, as expected, si-XIAP trans-
fection counteracted Lnc A2M-AS1-exo-induced eleva-
tion of XIAP expression (Fig. 7C). Functionally, XIAP 
knockdown attenuated Lnc A2M-AS1-exo-mediated cell 
viability enhancement (Fig.  7D), apoptosis reduction 

Fig. 7   Exosomes derived from Lnc A2M-AS1-transfected hMSCs 
reversed H/R-induced injury in cardiomyocytes through miR-556-5p. 
A Western blot analysis of XIAP expression level in AC16 cells with 
or without H/R stimulation (n = 3). B Detection of XIAP expression 
in AC16 cells transfected with si-XIAP or si-NC using Western blot 
(n = 3). C–G AC16 cells were treated with vector-exo, Lnc A2M-
AS1-exo, Lnc A2M-AS1-exo + si-NC, or Lnc A2M-AS1-exo + si-

XIAP, followed by H/R stimulation. C Western blot analysis of XIAP 
expression in cells. D CCK-8 assay for cell viability analysis (n = 3). 
E Flow cytometric analysis of cell apoptosis (n = 3). F Western blot 
analysis of Bcl-2, Bax, caspase 3, and c-caspase 3 protein levels in 
cells (n = 3). G Measurement of LDH, MDA and SOD contents in 
cells using corresponding commercial kits (n = 3). All experiments 
were repeated three times independently. *P < 0.05
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(Fig. 7E, F), and oxidative stress suppression (Fig. 7G). 
Collectively, Lnc A2M-AS1-exo protected cardiomyocytes 
from H/R-induced injury via XIAP.

Discussion

Recently, the use of MSCs in treating cardiovascular dis-
eases has attracted great research interest. MSCs can secret 
a large number of soluble factors acting in a paracrine 
fashion, thus facilitating cardiomyocyte proliferation, 
reducing apoptosis, improving the ischaemic microenvi-
ronment and mobilizing endogenous cardiac stem cells 
[30]. However, researches have shown exogenous MSCs 
have a lower survival rate in the infarcted area despite 
the preferential homing of MSC to the site of myocar-
dial ischemia [31, 32]. MSCs also can secret exosomes, 
which mediate intercellular communication between cells 
through the horizontal transfer of biologically active RNA 
molecules and protein [14–17]. MSC-derived exosomes 
were shown to rescue myocardial I/R injury by reducing 
cardiomyoblasts apoptosis, autophagy, or oxidative stress 
[20, 33]. Importantly, exosomes are stably presented in 

body fluids, not at risk of aneuploidy, and do not elicit 
adverse immune responses [20]. Therefore, MSC-derived 
exosomes are considered to be ideal drug delivery 
vehicles.

In this study, we demonstrated that MSC-derived exosomes 
enhanced viability and reduced apoptosis in H/R-damaged 
cardiomyocytes in vitro. Besides that, we also detected a 
decrease in the activity of MDA and LDH, and an increase 
in SOD content after the administration of MSC-derived 
exosomes in H/R-damaged cardiomyocytes, suggesting the 
suppression of myocardial injury and oxidative stress. This 
study confirmed that MSC-derived exosomes have beneficial 
effects on H/R-induced cardiomyocytes in vitro. However, 
the underlying mechanism is still vague. Exosomes usually 
exert their action through delivering cargo, which include 
lncRNAs [34]. LncRNAs are a kind of transcripts longer 
than 200 bp and mostly lack without protein-coding capacity. 
Many scholars have revealed that lncRNAs play an impor-
tant regulatory role in multiple biological processes such as 
apoptosis, metabolism, inflammation, and tumorigenesis 
[35, 36]. Previous studies have indicated that MSC-derived 
could affect myocardial infarction via delivering miRNAs [37, 
38]. However, large identifications on the efficacy of MSC 

Fig. 8   A schematic of the work-
ing mechanism of Lnc A2M-
AS1 delivery via MSC-derived 
exosomes in H/R-induced 
cardiomyocytes. Lnc A2M-
AS1 delivery via MSC-derived 
exosomes suppressed H/R-
induced cardiomyocyte injury 
via miR-556-5p/XIAP axis
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exosome-based therapies with lncRNAs in myocardial injury 
has not been reported yet. Lnc A2M-AS1 was found to weaken 
H/R-induced apoptosis in cardiomyocytes [25], while its level 
in exosomes from hypoxic cardiomyocytes was decreased 
[28]. In this study, Lnc A2M-AS1 was discovered to be lowly 
expressed in AMI patients and H/R-induced cardiomyocytes. 
We then elevated the level of Lnc A2M-AS1 in MSC-derived 
exosomes; our results showed that exosomal Lnc A2M-AS1 
attenuated H/R-induced injury in cardiomyocytes; importantly, 
Lnc A2M-AS1 reinforced the protective role of MSC-derived 
exosomes in H/R-damaged cardiomyocytes. The aforemen-
tioned findings demonstrated that Lnc A2M-AS1 delivery via 
MSC-derived exosomes protected cardiomyocytes against 
H/R-mediated injury, suggesting a novel insight into the MSC 
exosome–based therapy in myocardial I/R.

Increasing evidence has clarified that lncRNAs can act as 
miRNA sponges and protect he target mRNAs from repres-
sion [26, 27]. The present study verified that Lnc A2M-AS1 
directly bound to miR-556-5p, and suppressed its expression 
in a targeted manner. Besides, we also validated that miR-
556-5p targetedly inhibited XIAP expression; importantly, 
Lnc A2M-AS1 sponged miR-556-5p to relieve the suppres-
sion of miR-556-5p on XIAP expression. Thus, a Lnc A2M-
AS1/miR-556-5p/XIAP feedback loop in cardiomyocytes 
was identified. Previous study showed that miR-556-5p was 
highly expressed in AMI patients [39]. XIAP belongs to the 
inhibitors of apoptosis (IAP) family, and negatively regu-
lates cell apoptosis [40]. Lu’s team displayed that ectopic 
up-regulation of XIAP impaired cell oxidative stress and 
survival in H/R-damaged cardiomyocytes [41]. Besides that, 
XIAP served as a target of miR-181a to reverse cardiomyo-
cyte apoptosis induced by H/R [42]. In the current study, 
we demonstrated that miR-556-5p overexpression or XIAP 
knockdown attenuated the inhibitory functions of Lnc A2M-
AS1, delivered by MSC-derived exosomes, in H/R-induced 
cardiomyocyte apoptotic and oxidative injury.

In conclusion, this work revealed that Lnc A2M-AS1 
delivery via MSC-derived exosomes suppressed H/R-induced 
cardiomyocyte apoptosis, oxidative stress, and injury through 
miR-556-5p/XIAP axis (Fig. 8), opening a new avenue into 
the pathogenesis of myocardial I/R and the development of 
MSC exosome–based therapy for myocardial I/R.
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