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INTRODUCTION 
 

With the improvement in cancer-related outcomes, 

cardiovascular disease has become a leading cause  

of morbidity and mortality among cancer survivors.  

The primary cause of cancer-related cardiomyopathy  

is chemotherapy. Most cardiotoxic agents include 

anthracyclines, such as Dox [1]. A retrospective 

analysis of the clinical use of Dox in adults showed  

that the incidence of congestive heart failure increased  

from 3% to 5% at a dose of 400 mg - m−2 and from  

 

18% to 48% at a dose of 700 mg - m−2. Moreover, 

cardiac toxicity caused by Dox has serious consequences, 

resulting in a poor prognosis and death for up to 61% of 

patients [2, 3]. It is generally believed that Dox-induced 

cardiac toxicity mainly involves metabolism disruption, 

leading to cellular senescence [4, 5]. Based on the 

aforementioned mechanism, studies on Dox-induced 

senescence have attracted wide attention in recent years. 

 

Mesenchymal stem cells (MSCs) have been widely 

accepted as an effective therapeutic approach in 
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ABSTRACT 
 

The clinical application of doxorubicin (Dox) is limited due to its undesirable cardiotoxicity side effects. Cellular 
senescence plays an important role in Dox-induced cardiotoxicity. Exosomes derived from stem cells showed a 
therapeutic effect in Dox-induced cardiomyopathy (DIC). Hypoxia-preconditioned exosomes (exosomeHypoxia) 
display pro-metabolism and pro-survival abilities. Several long-noncoding RNAs/microRNAs act as competing 
endogenous RNAs (ceRNAs) modulating DIC. No study investigated whether exosomeHypoxia could attenuate DIC 
through modulating ceRNAs.  
Treatment of the human adipose–derived mesenchymal stem cells with hypoxia induced lncRNA-MALAT1 
accumulation in the secreted exosomes. In addition, the lncRNA-MALAT1 was identified as an exosomal 
transfer RNA to repress miR-92a-3p expression. Silencing the lncRNA-MALAT1 in MSCs or miR-92a-3p 
overexpression in cardiomyocytes significantly impaired the rejuvenation induced by exosomeHypoxia. TargetScan 
and luciferase assay showed that miR-92a-3p targeted the ATG4a 3' untranslated region. Silencing ATG4a 
blocked the anti-senescent effect of exosomeHypoxia. 
This study identified the lncRNA-MALAT1 that functioned as ceRNA binding to miR-92a-3p, leading to ATG4a 
activation, thus improving mitochondrial metabolism. LncRNA-MALAT1/miR-92a-3p/ATG4a partially mediates 
the cardioprotective roles of exosomeHypoxia in Dox-induced cardiac damage. ExosomeHypoxia may serve as a 
potential therapeutic target against DIC. 
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cardiovascular disorders [6]. Following the transplantation 

of MSCs, only a limited number of cells can engraft and 

differentiate into heart cells or participate in cardiac 

restoration [7]. Therefore, recent studies have focused 

on MSCs-derived exosomes as a safer alternative 

approach to MSCs therapy [8]. Exosomes are cell-

derived vesicles containing proteins, lipids, growth 

factors, microRNAs (miRs), and anti-inflammatory 

cytokines released through exocytosis [9, 10]. Recent 

studies suggest that exosomes derived from stem cells 

have a therapeutic effect in Dox-induced cardiotoxicity 

[11]. Previous reports have convincingly shown that the 

quality and therapeutic function of MSCs are impacted 

by culture conditions [12]. Several in vitro studies have 

demonstrated that the hypoxic preconditioning causes 

distinctive changes in stem cell characteristics and 

influences the secretion of cytokines and growth factors 

[13]. Hypoxia-preconditioned MSCs showed a better 

therapeutic effect on radiation-induced cardiac damage 

[14]. A previous study revealed that exosomes from Ad-

MSCs culture supernatants under hypoxic conditions 

could increase vascular tube formation [15]. Therefore, 

this study aimed to establish that exosomes derived 

from hypoxia-preconditioned MSCs could enhance the 

therapeutic effect in the Dox-induced cardiac cellular 

injury. 

 

Long-noncoding RNAs (lncRNAs), which are a subset of 

noncoding RNAs with more than 200 bases, have been 

indicated in cardiac repairing [16]. Intriguingly, lncRNAs 

have emerged as novel modulators in the therapeutic 

effect on Dox-induced cardiac senescence [17]. 

Metastasis-associated lung adenocarcinoma transcript 1 

(MALAT1), also known as nuclear-enriched transcript 2, 

has been identified as a prognostic biomarker of lung 

cancer metastasis and has been linked with several other 

types of human tumors [18]. A previous report concluded 

that MALAT1 was a hypoxia-inducible factor (HIF) [19]. 

Exosomes rich in the lncRNA-MALAT1 derived from 

MSCs showed rejuvenation potential [20]. MiRs have 

been shown to regulate multiple processes in cardiac 

pathophysiology [21]. MiR-containing exosomes derived 

from hypoxia-preconditioned MSCs showed a better 

therapeutic effect in cardiac damage [22]. Meanwhile, the 

role of miR-92a-3p has been confirmed in destroying 

cardiac homeostasis through inhibiting cardiomyocyte 

metabolism and autophagy, targeting ATG4a [23]. 

Enhanced ATG4a, as an autophagy inducer, rejuvenates 

the heart during the ischemia/reperfusion process [24]. 

To further explore its potential molecular biological 

mechanism, bioinformatics analysis was used, revealing 

that miR-92a-3p bound to MALAT1. Based on the 

aforementioned information, it was speculated that the 

exosomal lncRNA-MALAT1 might promote rejuvenation 

against Dox-induced cardiac senescence by regulating the 

miR-92a-3p/ATG4a axis. 

The present study aimed to investigate the role of  

the lncRNA-MALAT1 transferred by exosomesHypoxia 

derived from MSCs in resisting Dox-induced cardiac 

senescence. It also explored the underlying molecular 

mechanisms to determine whether exosomes modulating 

lncRNA-MALAT1/miR-92a-3p/ATG4a could suppress 

Dox-induced senescence. 

 

RESULTS 
 

Exosomes derived from MSCs pretreated with 

hypoxia had a better cardioprotective effect 
 

Considering the promoting effect of hypoxia 

preconditioning, the present study evaluated whether 

exosomes secreted by MSCs pretreated with hypoxia 

(exosomehypoxia) showed a more cardioprotective effect. 

First, the exosomes were isolated from the MSCs and 

MSCs treated with hypoxia as described earlier. 

Transmission electron microscopy (TEM) showed that 

exosomes exhibited a round-shaped morphology and a 

size of 50–100 nm. Moreover, the presence of the 

exosomal markers CD63, CD81, Flotillin-1, and Tsg101 

was confirmed by Western blot analysis (Figure 1A–1C). 

No difference in concentration was reported between 

exosome and exosomehypoxia, confirmed by nanoparticle 

tracking analysis (NTA). Then, the effects of 

exosomehypoxia on Dox-induced cardiomyocyte senescence 

were determined. The results revealed that compared with 

Dox-treated cardiomyocytes, exosomehypoxia protected 

cardiomyocytes from senescence, showing that more  

cells escaped from the G0/G1 phase as measured using 

FACS (Figure 1D, 1E), with the decreased expression  

of the cellular senescence–related genes p53 and p21 

(Figure 1F–1J) and a lower percentage of SA-β-gal-

positive cells (Figure 1K, 1L). In the meanwhile, 

exosomes from MSCs without any treatment also elicited 

cellular rejuvenation to some extent, which was not 

significant compared with the exosomeHypoxia, indicating 

that hypoxia-preconditioned increased the cellular 

rejuvenation effect of exosomes. 
 

LncRNA-MALAT1 transferred by exosomes caused 

rejuvenation against Dox 
 

To assess the main biological pathways influenced by 

exosomeHypoxia, lncRNA analysis by microarray was 

conducted on MSC- and MSCHypoxia -derived exosomes. 

Genes significantly upregulated and downregulated in 

the exosomeHypoxia group compared with the exosome 

group were identified. The maximum difference was for 

the lncRNA-MALAT1, a hypoxia-inducible lncRNA, 

which was confirmed by qRT-PCR (Figure 2A, 2B).  

To confirm whether this lncRNA could be transferred  

to the cardiomyocytes through exosomes, the lncRNA-

MALAT1 mRNA was detected in the cardiomyocytes 
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Figure 1. Exosomes derived from MSCs pretreated with hypoxia had a better cardioprotective effect. Confirmation of 
exosomal collection using TEM, NTA, and Western blot analysis. (A) Representative TEM image. (B) Size range of exosomes checked by NTA 
analysis. (C) Representative Western blot images showing that the exosomal marker CD63, CD81, Flotillin, and Tsg101 were highly 
expressed in exosome and exosomeHypoxia. β-actin in MSC lysate was examined. (D and E) Cell cycle distribution was analyzed. (F and G) p53 
and p21 mRNA levels were analyzed using qRT-PCR. (H–J) p53 and p21 protein levels were analyzed using Western blot analysis. (K) 
Representative images of SA-β-gal staining. (L) Percentage of β-gal-positive cells. Each column represents the mean ± SD of three 
independent experiments. *P < 0.05 versus control; ▲P < 0.05 versus Dox + exosomeHypoxia. 
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incubated with exosomeHypoxia or exosome, compared 

with cardiomyocytes without any treatment. As expected, 

the lncRNA-MALAT1 showed the strongest upregulation 

in cardiomyocytes incubated with exosomeHypoxia,  

but also a little upregulation in the exosome group 

(Figure 2C). Furthermore, the expression of the lncRNA-

MALAT1 in MSCs was silenced. The qRT-PCR results 

confirmed that the silencing of the lncRNA-MALAT1 

significantly decreased the expression of the lncRNA-

MALAT1 in MSCs (Figure 2D). MSCs were transfected 

with siRNA against the lncRNA-MALAT1 or control 

siRNA-NT and were cultured under hypoxic conditions. 

After, the exosomes were collected. The LncRNA-

MALAT1 mRNA in exosomes was examined using 

qRT-PCR, revealing that hypoxia increased lncRNA-

MALAT1 generation, which was abolished by lncRNA-

MALAT1 silencing (Figure 2E). Exosomes derived from 

MSCs, which were transfected with siRNA against the 

lncRNA-MALAT1 or control siRNA-NT and treated 

with hypoxia or treated only with hypoxia, or without any 

treatment, were added to cardiomyocytes. In parallel 

experiments, cardiomyocytes without any treatment were 

used as control. Then, lncRNA- MALAT1 mRNA in 

cardiomyocytes was examined by qRT-PCR. The results 

revealed that exosomeHypoxia transferred the lncRNA-

MALAT1 to cardiomyocytes, while this transfer was 

blocked by endogenous lncRNA-MALAT1 silencing in 

MSCs (Figure 2F).  

 

In the subsequent experiments, exosomes derived from 

MSCs, which were transfected with siRNA against the 

lncRNA-MALAT1 or control siRNA-NT and treated 

with hypoxia or treated only with hypoxia, were added 

after cardiomyocytes were treated with Dox. In parallel 

experiments, cardiomyocytes without any treatment were 

used as control. As shown in Figure 3A, Dox alone 

increased the expression of the lncRNA-MALAT1 

slightly. Dox induced cardiac senescence, while 

exosomeHypoxia significantly reduced the percentage of 

G0/G1 phase cells (Figure 3B), expression of classical 

senescence-associated genes (Figure 3C and 3D), and 

number of SA-β-gal-positive cells (Figure 3E and 3F). 

This protective effect was abolished by silencing the 

lncRNA-MALAT1 in MSCs before treatment with 

hypoxia. These results strongly supported that exosomes 

derived from MSCsHypoxia exerted a rejuvenation effect 

partially through direct lncRNA-MALAT1 transfer. 

 

LncRNA-MALAT1 directly inhibited mir-92a-3p 

against Dox-induced senescence 
 

To investigate the functional molecules responsible  

for the rejuvenating effect of exosomeHypoxia, the miR 

expression levels of Dox-treated cardiomyocytes and 

exosomeHypoxia added into Dox-treated cardiomyocytes 

were analyzed using a microarray (Figure 4A). High 

levels of miR-92a-3p were detected in the Dox model 

compared with the Dox+ exosomeHypoxia group, which 

was confirmed by qRT-PCR (Figure 4B). Also, the 

bioinformatics database (Lncbase) was analyzed. MiR-

92a-3p was identified as being capable of binding to 

complementary sequences in the lncRNA-MALAT1 

(Figure 4C). The luciferase reporter assay was used to 

prove the prediction. The results showed that the 

lncRNA-MALAT1-wild type (WT) could significantly 

lower the luciferase activity in the miR-92a-3p mimic 

group, but had no significant effect on the luciferase 

activity in the miR-negative control (NC) mimic  

group (Figure 4D). To determine whether the expression 

of miR-92a-3p was downregulated by the lncRNA-

MALAT1 induced by exosomeHypoxia, MSCs were 

transfected with the siRNA-lncRNA-MALAT1 or 

siRNA-lncRNA-NT and then subjected to hypoxia; the 

exosomes were collected. Dox-treated cardiomyocytes 

expressed a higher level of miR-92a-3p. However,  

the expression level of miR-92a-3p in Dox-treated 

cardiomyocytes substantially reduced when exosomeHypoxia 

was added. Exosomes derived from hypoxia-

preconditioned MSCs with silenced lncRNA-MALAT1 

could not alleviate the Dox-induced increase in the 

expression level of miR-92a-3p (Figure 4E). 

 

Considering the inhibitory action of the lncRNA-

MALAT1 on the expression levels of miR-92a-3p  

in cardiomyocytes, the role of miR-92a-3p in  

the rejuvenating effects of exosomeHypoxia against  

Dox-induced senescence was further explored. 

Cardiomyocytes were transfected with a mimic control or 

the miR-92-3p mimic (Figure 5A) and treated with 

exosomeHypoxia and Dox. In parallel, cardiomyocytes 

treated or untreated with the exosomeHypoxia were treated 

with Dox. The untreated cardiomyocytes were used as 

control. Dox treatment increased the percentage of 

G0/G1 phase cells (Figure 5B), expression of classical 

senescence-associated genes p53 and p21 (Figure 5C, 

5D), and the number of SA-β-gal-positive cells (Figure 

5E, 5F), indicating that Dox treatment induced cellular 

senescence. ExosomeHypoxia alleviated Dox-induced 

cellular senescence, while transfection with an miR-92a-

3p mimic further aggravated cell damage (Figure 5B–5F). 

 

Exosomal lncRNA-MALAT1/miR-92a-3p activated 

ATG4a to cause rejuvenation 
 

To identify the target genes of miR-92a-3p regulation, 

the bioinformatics database was used to speculate a 

putative binding site between miR-92a-3p and ATG-4a 

(Figure 6A), which was confirmed by dual-luciferase 

gene reporter assay. The relative luciferase activity was 

significantly weakened in the WT ATG4a + miR-92a-3p 

mimic group (Figure 6B). To investigate the inhibition 

effect of miR-92a-3p on ATG4a expression, the 
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Figure 2. LncRNA-MALAT1 transferred by exosomes to cardiomyocytes. (A) Heat map of the lncRNAs differentially expressed 
between exosomes derived from MSCs pretreated with hypoxia (exosomeHypoxia) and exosomes derived from MSCs without any treatment 
(exosome). (B) Relative lncRNA-MALAT1 expression was validated by qRT-PCR in exosomeHypoxia and exosome; *P < 0.05 versus exosome; (C) 
LncRNA-MALAT1 mRNA was examined by qRT-PCR in cardiomyocytes incubated with exosomeHypoxia or exosome. The cardiomyocytes 
without any treatment were used as control; *P < 0.05 versus control; ▲P < 0.05 versus exosomeHypoxia. (D) The siRNA-mediated transfection 
efficiency in MSCs was demonstrated by qRT-PCR. *P < 0.05 versus siRNA-lncRNA-MALAT1. (E) LncRNA-MALAT1 mRNA in exosomes was 
examined by qRT-PCR. Each column represents the mean ± SD of three independent experiments. *P < 0.05 versus control; ▲P < 0.05 versus 
hypoxia + siRNA-lncRNA-MALAT1. (F) LncRNA-MALAT1 mRNA in cardiomyocytes was examined by qRT-PCR. *P < 0.05 versus control; ▲P < 
0.05 versus exosomeHypoxia; °P < 0.05 versus exosomeHypoxia+siRNA-LncRNA-NT 
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Figure 3. LncRNA-MALAT1 transferred by exosomes caused rejuvenation against Dox. (A) LncRNA-MALAT1 mRNA in 
cardiomyocytes was examined by qRT-PCR. *P < 0.05 versus Control; ▲P < 0.05 versus Dox. (B) Cell cycle distribution was analyzed. (C and D) 
p53 and p21 mRNA levels were analyzed by RT-qPCR. (E) Representative images of SA-β-gal staining. (F) Percentage of β-gal-positive cells. 
Each column represents the mean ± SD of three independent experiments. *P < 0.05 versus control; ▲P < 0.05 versus Dox; □P < 0.05 versus 
Dox + exosomeHypoxia+siRNA-lncRNA-MALAT1. 
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cardiomyocytes were transfected with an miR-92a-3p 

mimic or an miR-NC mimic, treated with exosomeHypoxia, 

and then subjected to Dox; the untreated cardiomyocytes 

were used as control. As expected, Dox treatment 

markedly inhibited ATG4a expression in cardiomyocytes, 

while exosomeHypoxia rescued the expression of ATG4a. In 

addition, extra miR-92a-3p impaired the expression of 

ATG4a (Figure 6C, 6D). These data suggested that 

ATG4a were genuine targets of miR-92a-3p. 

 

To explore the role of ATG4a in exosomeHypoxia-induced 

rejuvenation against Dox, ATG4a in cardiomyocytes was 

silenced by siRNA, and this caused a reduction in the 

expression of ATG4a, confirmed by qRT-PCR (Figure 

6E) and Western blot analysis (Figure 6F, 6G). The 

cardiomyocytes were transfected with siRNA-ATG4a or 

siRNA-NT as control, treated with exosomeHypoxia, and 

subjected to Dox. In parallel, cardiomyocytes treated or 

untreated with exosomeHypoxia were subjected to Dox. 

 
 

Figure 4. LncRNA-MALAT1 directly inhibited miR-92a-3p. (A) Heat map of microRNAs (miRs) differentially regulated by 
exosomeHypoxia in Dox-treated cardiomyocytes. (B) qRT-PCR validation of the differentially regulated miRs in cardiomyocytes. *P < 0.05 
versus Dox. (C) Binding sites of lncRNAs and miRs. (D) Dual-luciferase reporter. *P < 0.05 versus miR-92a-3p mimic in the WT group. (E) miR-
92a-3p mRNA levels were analyzed by RT-qPCR. *P < 0.05 versus control; ▲P < 0.05 versus Dox; □P<0.05 versus Dox + exosomeHypoxia+siRNA-

lncRNA-MALAT1. 
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Figure 5. miR-92a-3p impeded exosomeHypoxia anti-senescent effect against Dox. (A) miR-92a-3p mRNA levels were analyzed 
by qRT-PCR. *P < 0.05 versus miR-92a mimic. (B) Cell cycle distribution was analyzed. (C and D) p53 and p21 mRNA levels were analyzed 
by qRT-PCR. (E) Representative images of the SA-β-gal staining. (F) Percentage of β-gal-positive cells. Each column represents the mean 
± SD of three independent experiments. *P < 0.05 versus control; ▲P < 0.05 versus Dox; □P < 0.05 versus Dox + exosomeHypoxia + miR-92a-
3p mimic. 
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Figure 6. ATG4a was a direct target of miR-92a-3p. (A) The predicted binding sites between miR-92a-3p and the ATG4a 3'-UTR. (B) A 
dual-luciferase assay was performed in cardiomyocytes after co-transfection with ATG4a 3'-UTR wild type (WT) or mutant (MUT) plasmids, 
miR-92a-3p mimic, and miR-NC mimic. *P < 0.05 versus the miR-92a-3p mimic in the WT group. (C and D) Western blot analysis of ATG4a 
and β-actin protein levels in cardiomyocytes. Untreated cardiomyocytes were used as control. *P < 0.05, versus Control; ▲P < 0.05 versus 
Dox; □P < 0.05 versus Dox + exosomeHypoxia + miR-92a-3p mimic. (E–G) Cardiomyocytes were transfected with siRNA-ATG4a or with siRNA-
NT as control. The siRNA-mediated transfection efficiency was determined by qRT-PCR (E) and Western blot analysis (F and G). Each column 
represents the mean ± SD from three independent experiments. *P < 0.05 versus siRNA-ATG4a. 
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The untreated cardiomyocytes were used as control. 

ATG4a knockdown restored the pro-senescent effects of 

Dox inhibited by exosomeHypoxia and increased the 

percentage of G0/G1 phase cells (Figure 7A), expression 

of classical senescence-associated genes p53 and p21 

(Figure 7B, 7C), and number of SA-β-gal-positive cells 

(Figure 7D, 7E). 

 

ExosomeHypoxia modified mitochondrial metabolism 

of cardiomyocytes disturbed by Dox 
 

Cardiomyocytes showed a profound metabolism 

disruption during the senescence process [25]. Therefore, 

this study aimed to gain insight into the improvement of 

exosomeHypoxia in mitochondrial metabolism. MSCs were 

transfected with siRNA against the lncRNA-MALAT1 or 

control siRNA-lncRNA-NT and then treated with 

hypoxia. The exosomes were collected and added to 

cardiomyocytes treated with Dox. The cardiomyocytes 

were transfected with miR-92a-3p mimic, miR-NC 

mimic, siRNA-ATG4a, or siRNA-NT; treated with 

exosomeHypoxia; and subjected to Dox. Cardiomyocytes, 

with or without exosomeHypoxia, were subjected to Dox. 

The untreated cardiomyocytes were used as control. The 

expression levels of fatty acid–binding proteins 3 and 4 

(Fabp3 and Fabp4) (Figure 8A, 8B) and mitochondrial 

fission process 1 (Mtfp1) protein (Figure 8C) increased, 

while the expression levels of cytochrome c oxidase 

subunit 4I2 (Cox4i2) (Figure 8D), heat shock protein 

family A member 1A (Hspa1a) (Figure 8E), and ATPase 

Na+/K+ transporting subunit beta 2 (Atp1b2) (Figure 8F) 

decreased in cardiomyocytes treated with Dox. A 

significant reverse effect was noted when exosomeHypoxia 

was added. The expression levels of Fabp3, Fabp4, and 

Mtfp1 increased and the expression levels of Cox4i2, 

Hspa1a, and Atp1b2 decreased after lncRNA-MALAT1 

knockdown, corresponding miR-92a-3p overexpression, 

or silencing of ATG4a (Figure 8A–8F), suggesting that 

the exosomeHypoxia-induced lncRNA-MALAT1/miR-92a-

3p/ATG4a signaling pathway improved mitochondrial 

metabolism in Dox-treated cardiomyocytes. 

 

DISCUSSION 
 

Cardiovascular diseases and cancer represent the first and 

second most causes of death in industrialized countries, 

respectively. These two conditions may become 

synergistic if the cardiovascular complications of 

anticancer therapies are considered [26]. Cardiac 

dysfunction triggered by Dox has long been known as the 

main form of anticancer drug–induced cardiotoxicity. It 

is characterized by metabolism disruption and related 

cellular senescence as central mechanisms [27, 28]. 

Metabolism disorders and senescence consist of the 

growth arrest of normal somatic and postmitotic cells 

with a consequent reduction in anthracycline-driven 

cardiotoxic effects, injured the functional activity of 

cardiomyocytes and other cardiac cells, thus leading to 

functional and organ damage [29]. The present study 

demonstrated that Dox treatment enhanced cellular 

senescence in cardiomyocytes. The data further revealed 

that Dox-induced senescence was characteristic of cell 

cycle arrest. Cardiac cells responded to Dox, 

accompanied by metabolism disruption [30]. Many 

studies have shown that ameliorating metabolism before 

administering Dox protects against Dox toxicity [31, 32]. 

Amelioration of metabolism in the early stage of Dox-

induced myocardial toxicity, and thus relief from cardiac 

senescence, might help in the treatment of DIC. 

 

Stem cells have been widely used to treat various animal 

and human cardiac disorders [33, 34]. Stem cell–derived 

cardiomyocytes have been shown to repair Dox-induced 

heart failure [35, 36]. However, published reports 

showed potential chances of tumor formation and low 

survival rate after transplantation [37, 38]. A recent 

discovery of a cell-free system using exosomes has 

generated a new era in stem cell therapy for cardiac 

repair and regeneration [39, 40]. A recent report 

suggested that exosomes derived from stem cells could 

reduce Dox-induced adverse cardiac remodeling, 

including cytoplasmic vacuolization, myofibril loss, 

cardiac hypertrophy, and fibrosis [11]. Several strategies 

have been developed to improve the performance of 

MSCs for therapeutic applications. For example, Akt-

modified MSCs could repair infarcted myocardium [41]. 

Hypoxic preconditioning of MSCs has proven to be a 

useful approach to increase their therapeutic potential in 

a model of hindlimb ischemia [42]. Exosomes derived 

from HIF-1α-overexpressing MSCs increased their 

therapeutic potential by potentiating angiogenesis [39]. 

This study further evaluated whether these exosomes 

could be optimized to exert an effect on Dox-induced 

cardiac dysfunction. The intercellular transfer of 

exosomes is a well-established messenger system that 

mediates cell–cell communication [43]. The information 

transfer induced by exosomes is time and environment-

specific [44]. The exosomes derived from hypoxia-

preconditioned MSCs consist of growth factors 

important in resisting cellular senescence [15]. 

Therefore, this study aimed to characterize exosomes 

derived from MSCs under hypoxic conditions. It focused 

on the enhanced rejuvenation ability of exosomeHypoxia 

against Dox-induced cardiac senescence. Moreover, 

recovery from cell cycle arrest and the decrease in the 

expression levels of senescence–related genes and 

percentage of SA-β-gal-positive cells supported the 

notion that exosomeHypoxia showed better therapeutic 

potential in Dox-induced cardiac senescence. 

 

Accumulating evidence has shown that lncRNAs 

participate in a variety of biological processes. 
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Meanwhile, the lncRNA sequencing analysis reveals 

that the expression of lncRNAs is, in general, species-

specific and participates in cardiac regeneration [45]. 

For example, lncRNA-CAREL in the human genome is 

capable of regulating the proliferation of human iPS-

derived cardiomyocytes, showing significant potential 

in cardiac regeneration after injury [46]. The aging 

process is a major risk factor for cardiovascular 

diseases. Further, Dox-induced cellular senescence 

caused cardiovascular dysfunction [47]. A previous 

study found that modulating the expression of  

lncRNA in cardiomyocytes relieved Dox-induced 

senescence [17]. The present study showed that the 

beneficial effects of exosomes were mediated by 

lncRNA MALAT1 transferring in the treatment of Dox-

induced cardiac senescence. The loss-of-function 

approach by silencing lncRNA MALAT1 in MSCs 

demonstrated that the function of exosomes was 

 

 
 

Figure 7. Exosomal lncRNA-MALAT1/miR-92a-3p activated ATG4a to cause rejuvenation. (A) Cell cycle distribution was 
analyzed. (B and C) p53 and p21 mRNA levels were analyzed by qRT-PCR. (D) Percentage of β-gal-positive cells. (E) Representative images of 
SA-β -gal staining. Each column represents the mean ± SD of three independent experiments. *P < 0.05 versus control; ▲P<0.05 versus Dox; 

□P < 0.05 versus Dox + exosomeHypoxia + siRNA-ATG4a. 
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mediated by the lncRNA MALAT1 pathway. This finding 

not only supported the previous reports that lncRNA 

MALAT1 was a hypoxia-inducible factor that regulated 

cell cycle and took a protective role in cardiac damage 

[48, 49], but also demonstrated that exosomes could be 

used to deliver lncRNA MALAT1 to alter Dox-induced 

senescence, which might have clinical implications. 

 

A previous study suggested that lncRNAs might act as 

ceRNAs to interact with miRs and influence the 

expression of miR target genes [50]. The lncRNA H19 

has been shown to bind to miR-103/107 and inhibiting 

FADD expression and necrosis in a mouse model of 

ischemia/reperfusion [51]. APF as a ceRNA for miR-

188-3p suppresses autophagic cell death and cardiac 

injuries by targeting ATG7 [45]. Also, CAREL was 

predicted to have the potential to bind to miR-296-3p and 

induce cardiac regeneration [46]. This study further 

investigated the potential targets of the lncRNA-

MALAT1 using bioinformatics analysis, and miR-92a-3p 

was selected. Previous studies demonstrated that the 

inhibition of miR-92a-3p in the ischemia/reperfusion 

 

 
 

Figure 8. ExosomeHypoxia modified the metabolism of cardiomyocytes disturbed by Dox. (A) mRNA level of Fabp3, (B) mRNA level 
of Fabp4, (C) mRNA level of Mtfp1, (D) mRNA level of Cox4i2, (E) mRNA level of Hspa1a, and (F) mRNA level of Atp1b2. *P < 0.05 versus 
Control; ▲P < 0.05 versus Dox; °P < 0.05 versus Dox + exosomeHypoxia+siRNA-LncRNA-MALAT1; □P < 0.05 versus Dox + exosomeHypoxia + miR-92a-3p 
mimic; ●P < 0.05 versus Dox + exosomeHypoxia +siRNA-ATG4a. 
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experiments could decrease cardiomyocyte apoptosis and 

exert a protective effect [52]. The finding that mito-

chondrial metabolism increased after miR-92a-3p 

depletion in myocardial infarction offered interesting and 

new insights that miR-92a-3p depletion treatment might 

exhibit cardioprotective effects by improving the 

metabolism in cardiomyocytes [23]. In vitro experiments 

were conducted to investigate a putative direct effect of 

miR-92a-3p on Dox-induced cardiomyocyte senescence. 

In this in vitro model, the miR-92a-3p overexpression 

abolished the anti-senescent effect of exosomeHypoxia 

against Dox. Next, ATG4a was established as the target 

gene of miR-92a-3p. and the ATG4a is an autophagic 

gene regulating the formation of autophagosomes [53]. 

Consistently, previous studies also reported that the 

overexpression of ATG4a resulted in considerable 

rejuvenation through modulating autophagy [54]. When 

autophagy was stimulated by an inducer, a double-

membrane phagophore proximal to the cellular cargos 

expanded to generate autophagosomes, which ultimately 

fused with the late endosome or lysosome to hydrolyze 

the engulfed constituents, thus revealing Dox-induced 

cardiotoxicity [55]. As an important protein in 

autophagy, ATG4a was inhibited by Dox, while 

exosomeHypoxia rescued ATG4a. However, the induce-

ment of ATG4a by exosomeHypoxia was hampered by 

miR-92a-3p overexpression. This study demonstrated 

that exosomeHypoxia-derived lncRNA-MALAT1 inhibited 

miR-92a-3p, causing activation of ATG4a against Dox-

induced cardiac damage. 

 

The cardiotoxicity of Dox is generally attributed to 

mitochondrial damage and induction of cell senescence 

in cardiomyocytes [5, 56]. The mitochondrion plays a 

central role in energy production and cellular respiration, 

as well as in cell senescence [57]. More than 90% of the 

adenosine triphosphate (ATP) used by cardiomyocytes is 

produced by mitochondria mainly through fatty acid 

utilization [58]. Mitochondrial respiration provides basal 

energy required for the normal metabolism of 

cardiomyocytes and holds in reserve the potential for 

maximal respiration if required. This potential, the so-

called spare respiratory capacity, serves the increased 

energy demand for maintaining cellular functions  

under stress [59]. Dox can disrupt the electron transport 

chain within the mitochondrion and induce multiple 

forms of cellular injury to cardiomyocytes, including 

metabolism disturbance and cellular senescence [60, 61]. 

Coincident with previous findings, exosomeHypoxia 

decreased the expression of metabolism-related genes, 

such as Fabp3 and Fabp4, which impaired cardiac 

metabolism and aggravated cardiac dysfunction in 

cardiac injury [62, 63]. ExosomeHypoxia also down-

regulated the expression levels of Mtfp1, a participant in 

Dox-induced cardiac injury [64]. While, exosomeHypoxia 

increased the expression levels of Hspa1a (autophagy 

inducer) [65], Cox4i2 (the modulator of mitochondrial 

response) [66], and ATP1B2 (cardiac oxidative stress 

inhibitor) [67], accompanied by cellular rejuvenation. 

Also, these metabolism-related genes were the target 

genes of miR-92a-3p to maintain cardiac metabolism 

homeo-stasis [23]. 

 

In summary, the results showed that exosomes derived 

from hypoxia-treated MSCs markedly enhanced 

rejuvenation in the Dox-treated cardiomyocytes. The 

associated mechanism was also deciphered. Specifically, 

exosomes transferred the lncRNA-MALAT1, inhibiting 

miR-92a-3p, leading to activation of ATG4a, thereby 

improving mitochondrial metabolism, and synergistically 

promoting rejuvenation. Therefore, hypoxic pre-

conditioning of MSCs-derived exosomes might represent 

a novel strategy for the clinical treatment of DIC. 

However, the present study lacked in vivo data, and 

hence further studies are needed. 

 

MATERIALS AND METHODS 
 

Cell culture and treatment 
 

Human-induced pluripotent stem cell–derived 

cardiomyocytes 

Human-induced pluripotent stem cell–derived cardio-

myocytes were obtained from Cellular Dynamics 

International (WI, USA) and plated and maintained 

according to the manufacturer’s guidelines. The cells 

were plated on 10 μg/mL fibronectin medium (Invitrogen 

33016-015, CA, USA) as a support matrix for 48 h at 

37°C and 5% CO2. The maintenance medium was 

changed every 2 days. 

 

Human adipose–derived MSCs  
Human Ad-MSCs, purchased from ATCC, were cultured 

in an early-passage DMEM–F12 medium, according to 

the supplier’s specifications, and incubated at 37°C and 

5% CO2. The medium was changed every 48 h. The cells 

were harvested using 0.05% Trypsin-EDTA (cat. number 

25300-054; Gibco) at 37°C and 5% CO2 for 3 min, 

transferred to phosphate-buffered saline (PBS), and then 

centrifuged at 300g for 5 min. The cells were then used 

for the respective experiments. 

 

Hypoxia treatment 
Hypoxia preconditioning was performed by incubating 

Ad-MSCs for 30 min in the medium in a controlled 

atmosphere (anaerobic glove box; Plas Labs 855-AC) for 

free oxygen radical scavenging, with 95% N2 + 5% CO2 

at 37 °C. 

 

Dox treatment 
The cardiomyocytes were cultured with Dox to model 

cardiac injury. The concentration of doxorubicin was set 
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as 0.5 μM and the exposure time as 24 h, as described 

previously [68]. 

 

Isolation and characterization of exosomes 
 

The exosomes were isolated and purified from the 

supernatants of MSCs and hypoxia-preconditioned 

MSCs, as described previously [69]. MSCs were cultured 

in exosome-depleted LG-DMEM. After the cells were 

cultured for 48 h, the supernatants were collected. The 

exosome quick extraction solution (total exosome 

isolation reagent from the cell culture medium) was 

added to the filtered solution at a 1:5 ratio and stored at 

4°C for at least 12 h. The precipitation (exosomes)  

was dissolved in PBS and stored at −70°C. The size  

and concentration were determined by NTA. The 

morphology of exosomes was observed by TEM (JEM-

1400plus). Western blot analysis was used for detecting 

exosomal markers CD63, CD81, Flotillin-1, and Tsg101. 

β-actin in the whole-cell lysate was used as control. 

 

Western blot analysis  

 

The exosomes and cells were harvested, and total protein 

was extracted using RIPA solution. The protein samples 

were denatured, separated by 10% sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis, and 

transferred to polyvinylidene difluoride membranes. The 

membranes were blocked with 5% fat-free milk for 2 h at 

room temperature and then incubated with CD63 

(ab59479, 1:750), CD81 (ab79559, 1:500), Flotillin-1 

(ab41927, 1:500), Tsg101 (ab125011, 1:500), p53 

(ab131442, 1:750), p21 (ab109199, 1:750), ATG4a 

(CST,#7613, 1:500), and β-actin (ab179467, 1:1000) 

primary antibodies overnight at 4°C. The membranes 

were further incubated with IgG-horseradish peroxidase 

goat anti-rabbit/mouse secondary antibody (ab7090/ 

ab97040: 1:2000) for 2 h at room temperature. The 

signals were developed by enhanced chemiluminescence 

(CST, #6883). The stained protein bands were visualized 

using a Bio-Rad ChemiDoc XRS imaging system and 

analyzed using Quantity One software. 

 

Cell cycle assay 

 

Further, 70% cold anhydrous ethanol was used to fix the 

cells. Then, the cells were treated with propidium iodide 

(Sigma, St Louise, MO, USA) and RNase A. A flow 

cytometer equipped with Cell Quest software was used 

to detect the cell cycle distribution.  

 

Quantitative reverse transcription-polymerase chain 

reaction (qRT-PCR) 
 

Real-time polymerase chain reaction (RT-PCR) was 

performed as described previously [70]. The primers are 

listed in Table 1. In brief, total RNA was extracted using 

TRIzol reagent; in all reactions, equal amounts of RNA 

were used (for miRNA transcription of 6 ng total RNA 

and for mRNA transcription 1000 ng total RNA), reverse 

transcribed to cDNA, and then amplified using an SYBR-

Green master mix kit. Quantification cycle (Cq) cut-offs 

have been defined for miRNA (Cq 40) and mRNA (Cq 

35) quantification. All procedures were performed in 

triplicate. The mRNA levels were calculated relative to 

the control GAPDH or U6 using the 2-ΔΔCq method. 
 

Senescence-associated β-galactosidase assay 
 

The cellular senescence was measured using senescence-

associated β-galactosidase (SA-β-gal) assay (Cell 

Signaling Technology, MA, USA). Briefly, the cells at 

the density of 2 × 104 were washed with PBS, fixed with 

2% paraformaldehyde for 30 min at room temperature, 

and incubated with a fresh SA-β-gal staining solution as 

previously described [14]. The results were presented as 

a ratio of the SA-β-gal-positive cells (cytoplasm blue 

stained) to the total cells for at least 100 cells per 

treatment per experiment. 
 

Microarray analysis 
 

The exosomes and cardiomyocytes from triplicate 

groups were lysed immediately in 500 μL of TRIzol 

(ThermoFisher Scientific, MA, USA) and stored at 

−80°C before purification using a standard phenol–

chloroform extraction protocol with an RNAqueous 

Micro Kit (ThermoFisher Scientific). RNA was used for 

miRNA microarray analysis (miRCURY LNA 

microRNA Array, Exiqon A/S, Vedbaek, Denmark), 

according to the manufacturer’s recommendations. 
 

Small interfering RNA transfection 
 

LncRNA-MALAT1 expression in MSCs was knocked 

down using small interfering (si)RNAs, with a 

nontargeting siRNA as a NC (Invitrogen). ATG4a 

expression in cardiomyocytes was also knocked down 

using siRNAs. The procedures were conducted, as 

described previously [17]. The target sequences are listed 

in Table 1. The transfection efficiency was detected using 

qRT-PCR and Western blot analysis. 

 

MiR-92a-3p overexpression 
 

The cardiomyocytes were seeded into six-well plates at a 

density of 1 × 105 cells per well and incubated for 12 h. 

To induce the overexpression of miR-92-3p, the cells 

were transfected with miR-92-3p mimic or NC mimic 

(Pre-miR miRNA Precursors, Life Technologies, 

Karlsruhe, Germany) using X-treme transfection reagent 

(Roche Applied Science, Penzberg, Germany), according 



 

www.aging-us.com 8255 AGING 

Table 1. Primer sequences. 

Genes Sequences 

F: 5' - CCGCAGTCAGATCCTAGCG -3' 

R: 5' - CCATTGCTTGGGACGGCAAGG -3' 

F: 5' - CAAGCTCTACCTTCCCACGG -3' 

R: 5' - GCCAGGGTATGTACATGAGG -3' 

F: 5' - TGCGAGTTGTTCTCCGTCTA -3' 

R: 5' - TATCTGCGGTTTCCTCAAGC -3' 

F: 5'- GCTTCGGCAGCACATATACTAAAAT -3' 

R: 5'- CGCTTCACGAATTTGCGTGTCAT -3' 

F: 5' - TATTGCACTTGTCCCGGCCTGT -3' 

R: 5' - CCGAGGCGGCCGACATGTTT-3' 

F: 5' - TGCTGGTTGGGGATGTATGC -3' 

R: 5' - GCGTTGGT ATTCTTTGGGTTGT-3' 

F: 5' - CACCTGGAAGCTAGTGGACA -3' 

R: 5' - TTCCCTCCATCCAGTGTCAC -3' 

F: 5' - CTGGTGGTGGAATGCGTCATGA -3' 

R: 5' - CAACGTCCCTTGGCTTATGCTCTCT -3' 

F: 5' - TAATCCACCCCATCGACAG -3' 

R: 5' - TCCACTGACGGGTACAGCTT-3' 

F: 5' - ATTTCCTCCAAAGCCGATCAC -3' 

R: 5' - GAGACAGCTGGGGATGCAAGTCA-3' 

F: 5' - GTGCTGACCAAGATGAAGGAG -3' 

R: 5' - GCTGCGAGTCGTTGAAGTAG -3' 

F: 5' - GAGGACGCACCAGTTTATGGG -3' 

R: 5' - GGGGTATGGTCGGAGACAGT -3' 

F: 5'- TTGCCATCAATGACCCCTTCA -3' 

R: 5'- CGCCCCACTTGATTT TGGA -3' 

siRNA-LncRNA-MALAT1 5'- TGCCTTTAGGATTCTAGACA -3' 

siRNA-LncRNA-NT 5'- CCTTCCCTGAAGGTTCCTCC -3' 

siRNA-ATG4a 5'- AGGACCTGCGCTTCCAGA -3' 

siRNA-NT 5'- AGCGTGCGGCTTCTGAAG -3' 

 

to the manufacturer’s protocol. The cells were harvested 

for further analysis 48 h after transfection, and the 

transfection efficiency was analyzed using qRT-PCR. 

 

Luciferase reporter assay 
 

The 3′-untranslated regions (UTRs) of lncRNA-MALAT1 

and ATG4a were synthesized, annealed, and inserted into 

the SacI and HindIII sites of the pmiR-reporter luciferase 

vector (Ambion), downstream of the luciferase stop codon 

to induce the mutagenesis of lncRNA-MALAT1 and 

ATG4a. The constructs were validated by sequencing. 

The cardiomyocytes were seeded into a 24-well plate for 

luciferase assay. After overnight culture, the cells were 

co-transfected with a WT or mutated plasmid and equal 

amounts of miR-92a-3p mimic or miR-NC mimic. 

Luciferase assays were performed using a dual-luciferase 

reporter assay system (Promega) 24 h after transfection. 

 

Statistical analysis 

 

Data were expressed as the mean ± standard deviation 

(SD). Differences between groups were tested by one-

way analysis of variance, and comparisons between two 

groups were evaluated using the Student t test. Analyses 

were performed using SPSS package v19.0 (SPSS Inc., 

IL, USA). A P value less than 0.05 was considered 

statistically significant. 
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