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Abstract
Ischemic cardiomyopathy is treated mainly with thrombolytic drugs, percutaneous coronary intervention, and coronary artery 
bypass grafting to recanalize blocked vessels. Myocardial ischemia-reperfusion injury (MIRI) is an unavoidable complication 
of obstructive revascularization. Compared with those of myocardial ischemic injury, few effective therapeutic options are 
available for MIRI treatment. The pathophysiological mechanisms of MIRI involve the inflammatory response, the immune 
response, oxidative stress, apoptosis, intracellular Ca2+ overload, and cardiomyocyte energy metabolism. These mechanisms 
exacerbate MIRI. Mesenchymal stem cell-derived exosomes (MSC-EXOs) can alleviate MIRI through these mechanisms 
and, to some extent, prevent the limitations caused by direct MSC administration. Therefore, using MSC-EXOs instead of 
MSCs to treat MIRI is a potentially beneficial cell-free treatment strategy. In this review, we describe the mechanism of 
action of MSC-EXO-derived noncoding RNAs in the treatment of MIRI and discuss the advantages and limitations of this 
strategy, as well as possible future research directions.
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Introduction

The concept of myocardial ischemia-reperfusion injury 
(MIRI) was first introduced by Jennings et  al. [1] in 
1960. MIRI is characterized by a pathological process in 
which local myocardial tissue is normally perfused after 

recanalization of obstructed coronary vessels for a certain 
period of time, but myocardial damage increases and exceeds 
the damage caused by simple myocardial ischemia (MI) 
[2]. MIRI is an unavoidable complication after reperfusion 
therapy. Currently, effective countermeasures against MIRI 
are lacking [3]. Reperfusion therapy not only exacerbates 
damage to ischemic myocardial tissue but also causes 
further damage to previously uninvolved myocardial tissue 
[4]. In addition, reperfusion-induced injury can account 
for up to 50% of overall myocardial injury, frequently 
resulting in serious adverse outcomes [4]. MIRI usually 
causes conditions such as fatal arrhythmias, heart failure, 
and even sudden cardiac death [5]. Up to 10% of patients 
with acute myocardial infarction (AMI) die due to MIRI 
even after early reperfusion therapy [5]. MIRI involves 
multiple pathological mechanisms, including oxidative 
stress, inflammation, metabolic disruption, mitochondrial 
damage, and regulated cell death (RCD) [6, 7]. In recent 
years, mesenchymal stem cell-derived exosomes (MSC-
EXOs) have shown tremendous potential in the treatment 
of diseases.
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Mesenchymal stem cells (MSCs) are derived from the 
early developmental mesoderm and are pluripotent stem 
cells with self-renewal and multidirectional differentiation 
capabilities [8]. MSCs can be differentiated into adipose, 
muscle, bone and cartilage cells under specific conditions 
in vivo and in vitro [9]. Furthermore, MSCs mainly exert 
immunomodulatory effects on innate and adaptive immune 
cells [10]. However, the direct application of MSCs has 
some limitations, such as the introduction of damaged 
cells, low-temperature storage and transport, and ethical 
concerns. Interestingly, numerous studies have shown that 
the pleiotropy of stem cells is closely associated with soluble 
factors and paracrine secretion but not their differentiation 
capacity [11, 12]. The efficacy of stem cell therapy is largely 
dependent on exosomes released through stem cell paracrine 
effects, and MSCs are the preferred source of exosomes [8]. 
MSC-derived exosomes MSC-EXOs preserve the therapeu-
tic properties of MSCs while overcoming the limitations of 
using live MSCs [13]. Exosomes are membrane-enclosed 
extracellular vesicles 30-150 nm in diameter [14]. The term 
“extracellular vesicles” describes different types of mem-
brane-bound vesicles, including exosomes, microvesicles, 
and apoptotic vesicles. These vesicles are formed by the 
invagination of intracellular lysosomal particles and are 
released into the extracellular space through fusion of the 
outer membrane of the multivesicular body with the cell 
membrane [15]. Exosomes can carry multiple types of mol-
ecules, such as proteins, lipids and noncoding RNAs (ncR-
NAs), which are required for various physiological and 
pathological processes [16, 17]. Exosomes may act on target 
cells through three mechanisms: (1) fusion with the plasma 
membrane, (2) endocytosis, and (3) the activation of target 
cells by specific surface ligands [18]. Recently, numerous 
studies have shown that MSC-EXOs are closely associated 
with various human diseases, such as autoimmune diseases, 
hematological diseases, cancer, neurodegenerative diseases, 
and coronavirus disease 2019 [19–23]. In addition, MSC-
EXOs have shown great potential as adjuvant therapies for 
not only MI but also MIRI [24]. Notably, MSC-derived exo-
somal ncRNAs show therapeutic potential in MIRI [24–26].

The transcription of the human genome produces a large 
number of noncoding RNAs, including microRNAs (miR-
NAs), long noncoding RNAs (lncRNAs), and circular RNAs 
(circRNAs), in addition to ribosomal RNAs and transfer 
RNAs [27]. MiRNAs are commonly found in eukaryotic 
organisms and are approximately 20 nt in length [28]. In 
1993, Lee et al. [29] first demonstrated that the miRNA lin-4 
regulates the translation of lin-14 through antisense RNA-
RNA interactions. There are many types of miRNAs, and 
one miRNA can target multiple messenger RNAs (mRNAs) 
to regulate gene expression [30]. LncRNAs are more than 
200 nt in length and can regulate gene expression at multiple 
levels [31]. The internal regulatory mechanism of ncRNAs is 

complex, and lncRNAs can function as molecular sponges of 
miRNAs to regulate the expression and function of mRNAs 
of target genes through a competing endogenous RNA 
network [32]. CircRNAs constitute a class of endogenous 
closed-loop RNA molecules that are produced mostly by 
reverse splicing of precursor mRNA exons, and similar to 
lncRNAs, they can function as molecular sponges for miR-
NAs to regulate gene expression [33]. In addition, circRNAs 
can function as molecular protein sponges, protein scaffolds, 
and protein recruiters and can even translated into proteins 
[34].

Overall, ncRNAs constitute a large and diverse family, 
and many studies have shown that these factors are closely 
associated with MIRI [35–37]. In this review, we focus on 
the mechanism of MSC-EXO-delivered ncRNAs in the treat-
ment of MIRI. In addition, we discuss the advantages and 
limitations of this strategy and predict future research direc-
tions in this field.

MSC‑EXO‑Derived ncRNAs in MIRI

We have summarized articles on MSC-EXO-derived 
ncRNA-mediated regulation of MIRI in recent years 
(Table 1). Notably, recent studies on MSC-EXO-derived 
ncRNAs have focused on miRNAs, while relatively few 
studies have directed to other types of ncRNAs (Fig. 1). In 
this regard, experiments have been conducted mainly with 
rat and mouse models of I/R or hypoxia/reoxygenation (H/R) 
and rarely on large animal models or humans. MSC-EXO-
derived ncRNAs regulate MIRI through multiple mecha-
nisms such as the oxidative stress response, mitochondrial 
function, the inflammatory response, the immune response, 
and RCD. Because studies on the efficacy of MSC-EXO-
derived ncRNAs against MIRI are still in an initial stage, 
more in vivo and in vitro studies are needed to explore the 
related mechanisms.

MSC‑EXO‑Derived ncRNAs Attenuate MIRI 
by Regulating Oxidative Stress

The cardiac dysfunction caused by MIRI can be partially 
explained by an imbalance between reactive oxygen spe-
cies (ROS) production and activation of antioxidant defense 
systems such as superoxide dismutase, catalase, and glu-
tathione peroxidase [7]. Excess ROS act on lipids, proteins, 
nucleic acids, and other biomolecules, resulting in the loss 
of cell membrane integrity, changes in protein structure and 
function, and nucleic acid damage [56]. MSC-EXO-derived 
ncRNAs can alleviate MIRI by regulating the processes trig-
gered by excessive ROS levels.
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MiR-126 is located in intron 7 of the EGFL7 gene and 
is expressed in human tissues with high vascularization, 
such as the myocardium, endothelium, and lung [57]. H/R 
induces bone marrow MSC (BMSC)-EXOs to overproduce 
miR-126, which alleviates tissue damage [58]. Exosome-
delivered miR-126 counteracts oxidative stress by negatively 

regulating the expression of ERBB receptor feedback inhibi-
tor (ERRFI) 1 [38]. Downregulation of ERRFI1 expression 
not only facilitates ROS clearance, but also further activates 
the epidermal growth factor receptor (EGFR)/mitogen-acti-
vated protein kinase (MAPK) signaling pathway to promote 
angiogenesis [38, 59]. The overexpression of miR-126 not 

Table 1   List of MSC-EXO-derived ncRNAs and their role in MIRI

BMSCs bone marrow stem cells, H/R hypoxia-reoxygenation, HUCMSCs human umbilical cord mesenchymal stem cells, I/R ischemia‒reperfu-
sion, MI myocardial ischemia

Ref. Species Model Origin Component Target cells Function

Wang et al. [38] Rat Myocardial I/R BMSCs miR-126 Cardiomyocytes Inhibiting ERRFI1 expression to 
alleviate oxidative stress

Zhang et al. [25] Rat Myocardial I/R BMSCs miR-98-5p Cardiomyocytes Activating the PI3K/Akt signaling 
pathway to reduce myocardial 
infarct size

Mao et al. [39] Rat Myocardial I/R BMSCs miR-183-5p Cardiomyocytes Targeting FOXO1 to reduce apop-
tosis and oxidative stress

Chen et al. [40] Rat Myocardial I/R BMSCs miR-125b Cardiomyocytes Targeting SIRT7 to inhibit apopto-
sis, autophagy and inflammation

Ou et al. [41] Rat Myocardial I/R BMSCs miR-150-5p Cardiomyocytes Targeting TXNIP to inhibit cardio-
myocyte apoptosis and reverse 
myocardial remodeling

Wang et al. [42] Rat Myocardial I/R BMSCs miR-455-3p Cardiomyocytes Targeting the MEKK1/MKK4/
JNK axis to inhibit apoptosis and 
regulate autophagic flux

Li et al. [43] Mice Myocardial I/R BMSCs miR-29c Cardiomyocytes Inhibiting cardiomyocyte apoptosis 
and regulating autophagic flux

Shen et al. [44] Mice Myocardial I/R BMSCs miR-21-5p Macrophages Promoting macrophage polariza-
tion toward the M2 phenotype

Zhang et al. [45] Rat Myocardial I/R BMSCs miR-21-5p Cardiomyocytes Targeting PDC4 to inhibit apop-
tosis

Zhao et al. [46] Mice Myocardial I/R BMSCs miR-182 Macrophages Promoting macrophage polariza-
tion toward the M2 phenotype

Zhang et al. [47] Mice Myocardial I/R BMSCs lncRNA Mir9-3hg Cardiomyocytes Targeting the Pum2/PRDX6 axis 
to inhibit ferroptosis in cardio-
myocytes

Wei et al. [48] Mice Myocardial I/R HUCMSCs miR-181a-5p Peripheral blood mononuclear 
cells

Inhibiting MIRI-induced inflam-
matory responses

Li et al. [49] Rat Myocardial H/R BMSCs miR-29a Cardiomyocytes Inhibiting the JAK2/STAT3 
pathway and promoting myocyte 
apoptosis

Zou et al. [50] Rat Myocardial H/R BMSCs miR-149-5p Cardiomyocytes Targeting the wnt/β-catenin signal-
ing pathway by miR-149-5p

Chen et al. [51] Rat Myocardial H/R BMSCs miR-143-3p Cardiomyocytes Targeting the CHK2/Beclin2 
pathway to regulate autophagic 
flux and alleviate MIRI

Li et al. [52] Rat Myocardial H/R BMSCs lncRNA HCP5 Cardiomyocytes Targeting miR-497/IGF1/PI3K/
AKT pathway to inhibit apop-
tosis

Diao et al. [53] Rat Myocardial H/R HUCMSCs lncRNA UCA1 Cardiac microvascular endothelial 
cells

Targeting miR-143/Bcl-2 to regu-
late autophagy and protect the 
myocardium

Yu et al. [24] Human Myocardial H/R BMSCs lncRNA A2M-AS1 Cardiomyocytes Targeting miR-556-5p/XIAP 
to inhibit oxidative stress and 
apoptosis

Liu et al. [54] Rat MI BMSCs miR-181a-5p Cardiomyocytes Targeting ATF2 to inhibit myocar-
dial inflammation and oxidative 
stress

Zhu et al. [55] Mice MI HUCMSCs miR-24-3p Macrophages Promoting macrophage polariza-
tion toward the M2 phenotype
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only inhibits H2O2-induced oxidative stress but also targets 
the phosphatidylinositol 3-kinase (PI3K)/protein kinase B 
(Akt)/glycogen synthase kinase 3 beta (GSK3β) and extra-
cellular signal-regulated kinase 1/2 (ERK1/2) signaling 
pathways to promote endothelial cell migration and matu-
ration [60]. Overexpression of miR-15a-5p has been reported 
to exacerbate oxidative stress-induced tissue damage [61]. 
As a downstream target of the lncRNA ZFAS1, miR-15a-5p 
is efficiently downregulated by BMSC-EXOs loaded with 
lncRNA ZFAS1 [62]. A possible mechanism for this action 
involves the activation of the lncRNA ZFAS1/miR-15a-5p 
axis to enhance the activity of an antioxidant reductase and 
inhibit the expression of inflammatory factors such as IL-1β, 
IL-6, and TNF-α, inhibiting lesion tissue damage [62]. The 
downregulation of β-catenin in an H/R rat model induced 
ROS production and myocardial apoptosis [50]. BMSC-
EXO-delivered miR-149-5p reversed this effect to some 
extent by regulating the wnt/β-catenin signaling pathway 

[50]. Lai et al. [63] demonstrated that adipose-derived MSCs 
reduced ROS production by downregulating miR-221 and 
miR-222 levels.

The protective effect of MSC-EXO-derived ncRNAs on 
oxidative stress has been verified in numerous experiments. 
However, the precise molecules carried by MSC-EXOs and 
the cellular components to which they localize, as well as 
the molecular mechanisms involved, need to be explored 
in depth. In addition, further studies to explore to induce 
MSC-EXOs to stably express a target molecule are needed.

MSC‑EXO‑Derived ncRNAs Attenuate MIRI 
by Regulating Mitochondrial Dysfunction

MIRI induces mitochondrial dysfunction and changes such 
as the uncoupling of respiratory chains, reduced adenosine 
triphosphate (ATP) synthesis and the overproduction of 
superoxide anions [64]. In addition, homeostatic regulation 

Fig. 1   Schematic diagram of MSC-EXO-derived ncRNAs regula-
tory network in MIRI. MSC-EXO-derived ncRNAs alleviate or exac-
erbate MIRI by mediating processes such as oxidative stress, mito-
chondrial dysfunction, inflammation, immune response, and regulated 
cell death. Among them, miR-126, miR-221, miR-222, miR-15a-5p, 
and lncRNA ZFAS1 were closely associated with oxidative stress. 
miR-149-5p, miR-200a-3p, miR-30, miR-214, miR-15b, and miR-21 
are involved in the regulation of mitochondrial function. miR-181a, 
miR-182, miR-24-3p, miR-183-5p, miR-145-5p, and miR-21-5p are 
closely related to inflammation and immune response. miR-29c, miR-
486-5p, miR-182-5p, miR-23a-3p, miR-210-3p, miR-556-5p, lncRNA 
A2M-AS1, and lncRNA Mir9-3hg are associated with regulated cell 
death. Akt, protein kinase B; DMT1, downregulating divalent metal 

transporter 1; ERK1/2, extracellular signal-regulated kinase 1/2; 
ERRFI1, ERBB receptor feedback inhibitor 1; FOXO1, Forkhead 
box protein O1; GSDMD, gasdermin-D; GSK3β, glycogen synthase 
kinase 3-beta; IL, interleukin; KEAP1, Kelch-like ECH-associated 
protein 1; MIRI, myocardial ischemia-reperfusion injury; MSC, mes-
enchymal stem cell; NF-κB, nuclear factor kappa-B; NLRP3, NOD-
like receptor thermal protein domain associated protein 3; NRF2, 
nuclear factor erythroid2-related factor 2; PDC4, pyruvate decar-
boxylase 4; PI3K, phosphatidylinositol 3-kinase; PRDX6, peroxire-
doxin-6; PTEN, phosphatase and tensin homolog deleted on chromo-
some ten; Pum2, Pumilio homolog 2; TfR1, transferrin receptor 1; 
TGF, transforming growth factor; TLR4, Toll-like receptor 4; XIAP, 
X-linked inhibitor of apoptosis protein
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of the mitochondrial Ca2+ level is a key factor in the ini-
tiation of mitochondrial metabolism and the regulation of 
mitochondrial activity [65]. In MIRI, an increase in cyto-
plasmic calcium leads to further calcium entry into mito-
chondria via the mitochondrial calcium uniporter, triggering 
mitochondrial permeability transition pore (mPTP) opening 
and promoting cell death [66]. MSC-EXO-derived ncRNAs 
reverse MIRI by exerting mitochondrion-protective effects.

Overexpression of miR-15b leads to the loss of mito-
chondrial membrane potential and promotes H/R-induced 
myocardial apoptosis in rats [67]. Moreover, BMSC-EXOs 
are enriched in miR-15b [68]. Theoretically, the induction 
of BMSC-EXOs by the downregulation of miR-15b could 
protect mitochondrial function in MIRI. Cardiac stem cells 
(CSCs) are mainly involved in regeneration and repair of 
the heart after injury [69]. Due to their reduced productivity 
and implantation rates, MSC-EXO-delivered ncRNAs can 
improve endogenous CSC functions [69]. Circulating miR-
30 is overexpressed in AMI patients compared to healthy 
subjects, suggesting that miR-30 may be associated with 
AMI and its prognosis [70]. MSC-EXOs were shown to pro-
tect against renal I/R injury by delivering miR-30 to inhibit 
mitochondrial fission [69]. Therefore, a similar effect is pos-
sible in MIRI, which requires experimental support. Human 
placental MSC-EXO-delivered miR-200a-3p increases the 
integrity of the mitochondrial structure, stimulates ATP 
production and exerts antioxidant effects by activating the 
Kelch-like ECH-associated protein 1 (KEAP1)/nuclear fac-
tor erythroid2-related factor 2 (NRF2) signaling pathway 
[71]. The transfer of miR-214 from BMSC-EXOs may be a 
major factor in protecting CSCs from oxidative damage in 
myocardial infarction [72]. A previous study showed that 
miR-214 was upregulated by hypoxic stress to protect car-
diomyocytes from injury [73]. BMSC-EXOs deliver miR-
214 and maintain Ca2+ homeostasis by inhibiting CaMKII 
expression [72]. It is clear that the cardioprotective effect of 
miR-214 is partly due to the suppression of sodium/calcium 
exchanger 1 and the inhibited activation of the downstream 
Ca2+ signaling pathway [74]. MiR-21 expression was sig-
nificantly downregulated in a MIRI model [75]. In addition, 
BMSC-EXO-delivered miR-21 exerted a cardioprotective 
effect [76]. These outcomes may be related to the inhibi-
tion of phosphatase and tensin homolog deleted on chromo-
some ten (PTEN), which is a direct target protein of miR-21, 
and activation of the PI3K/Akt axis [76]. Overexpression 
of miR-21-5p attenuates lipid levels and lipid peroxidation 
in cardiomyocytes [77]. This effect is partly attributed to 
enhanced basal and maximal mitochondrial respiration [77].

Functionally complete mitochondria are important for 
maintaining physiological activity in the heart [78]. How-
ever, MIRI can lead to mitochondrial damage, including the 
production of large amounts of ROS that further attack nor-
mal mitochondria, leading to cardiomyocyte death [78]. In 

conclusion, mitochondrial dysfunction is considered a main 
mechanism underlying MIRI [79].

MSC‑EXO‑Derived ncRNAs Attenuate MIRI 
by Regulating Inflammatory and Immune 
Responses

Inflammation is a defense response, but when this response 
is overactivated by various factors, it exacerbates tissue dam-
age. The hosts immune defense mechanisms can be classi-
fied into innate immune and adaptive immune responses. 
Inflammatory responses and activation of the innate immune 
system are important features of MIRI [80]. MIRI involves 
the release of a large number of proinflammatory factors and 
inflammatory mediators that are not confined to myocar-
dial tissue but reach all parts of the body via the circulatory 
system, potentially causing multiorgan dysfunction [81]. 
Moreover, reperfusion treatment leads to cell damage or 
even death, prompting cells to release molecules with immu-
nomodulatory effects, such as heat shock proteins, ATP, and 
high mobility group protein B1 [82]. These molecules are 
endogenous damage-associated molecular pattern factors 
that signal imbalances in intracellular homeostasis to induce 
the innate immune response. Innate immunity is a host’s first 
line of defense against pathogenic microorganisms and is 
dependent on germline-encoded receptors known as pattern 
recognition receptors (PRRs) [82]. Numerous studies have 
shown that PRRs are closely associated with MIRI [83–85]. 
PRRs activate downstream signaling pathways to induce 
intrinsic immune responses by recognizing and binding to 
the corresponding pathogen-associated molecular patterns 
(PAMPs) [86]. Therefore, suppressing inflammatory and 
immune responses is essential for MIRI treatment.

MSC-EXO pretreatment of a mouse I/R model 
significantly reduced neutrophil and macrophage infiltration 
and decreased the size of the myocardial infarct area [87]. 
The overexpression of miR-181a had a protective effect on the 
myocardial tissue of MI rats and could regulate myocardial 
remodeling by inhibiting the aldosterone/mineralocorticoid 
pathway [88]. Furthermore, BMSC-EXOs overexpressing 
miR-181a not only downregulated TNF-α and IL-6 in the I/R 
model but also upregulated the anti-inflammatory cytokine 
IL-10 in monocytes [48]. The luciferase reporter gene assay 
and western blotting showed that miRNA-181a could directly 
bind to the 3′-UTR of the cellular oncogene fos (c-Fos) and 
inhibit the expression of c-Fos to exert anti-inflammatory 
effects [48]. Macrophages affected by the microenvironment 
can polarize toward the M1 or M2 phenotype [89]. The M1 
phenotype has upregulated expression of proinflammatory 
cytokines such as TNF-α, IL-1β, IL-6, and IL-8, whereas 
the M2 phenotype has upregulated expression of the 
anti-inf lammatory factors IL-10 and transforming 
growth factor (TGF)-β [90]. BMSC-EXOs loaded with 
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miR-182 can promote the polarization of M1 macrophages 
to the M2 phenotype, not only alleviating the MIRI-induced 
inflammatory response but also facilitating the repair of 
lesioned tissues [46]. Animal experiments have confirmed 
that the mechanisms may involve Toll-like receptor 4 
(TLR4)/nuclear factor kappa B (NF-κB) pathway inhibition 
and PI3K/Akt pathway activation [46]. It is possible that 
myeloid differentiation primary response protein MyD88 
(MyD88) binds to the p85 regulatory subunit of PI3K after 
separation from the TIR structural domain, prompting a 
shift from TLR4/NF-κB activation to TLR4/PI3K/AKT 
pathway activation, which alleviates MIRI [91, 92]. MiR-182 
delivered by human umbilical cord MSC (HUCMSC)-EXOs 
can inhibit the inflammatory response and thus alleviate MIRI 
[93]. In addition to miR-182, miR-24-3p and miR-21-5p can 
be delivered by HUCMSC-EXOs and shift the polarization 
M1 macrophages to the M2 phenotype, not only suppressing 
the inflammatory response but also promoting the repair of 
diseased myocardial tissue [44, 94]. Forkhead box protein 
O1 (FOXO1) is highly expressed in myocardial tissue and 
is closely associated with inflammatory signaling-related 
pathways [95]. BMSC-EXOs overexpressing miR-183-5p 
were recently shown to alleviate MIRI by downregulating 
FOXO1 expression [39]. Knockdown of the foxo1 gene in 
a mouse liver I/R model has been reported to alleviate the 
I/R-induced inflammatory response by inhibiting the NimA-
related protein kinase 7 (NEK7)/NOD-like receptor thermal 
protein domain-associated protein 3 (NLRP3) signaling 
pathway [96]. Whether BMSC-EXOs overexpressing miR-
183-5p can inhibit the NEK7/NLRP3 signaling pathway by 
downregulating FOXO1 in a myocardial I/R model requires 
further experimental validation because exosomes are 
strongly affected by the environment. Mild and moderate 
hypothermia are potentially effective therapeutic measures 
for MIRI. The cardioprotective effect of hypothermia 
treatment involves reducing the heart rate and myocardial 
oxygen consumption and inhibiting metabolism to reduce 
oxygen demand, as well as modulating the mPTP and 
inhibiting the inflammatory response [97]. Notably, changes 
in temperature affect the efficacy of adipose MSC-EXOs, 
suggesting the need for in-depth studies on the optimal low 
temperature for different individuals. TLR4 is abundantly 
expressed in myocardial tissue and regulates innate immunity 
by activating downstream signaling pathways in response to 
lipopolysaccharides [98]. The overexpression of miR-145-5p 
in BMSC-EXOs reduces TLR4 expression levels in spinal 
cord tissue and further inhibits the TLR4/NF-κB pathway 
to alleviate spinal cord tissue injury [99]. MiR-145-5p was 
shown to be significantly downregulated in a rat I/R model, 
and further upregulation of miR-145-5p reversed MIRI 
to some extent [100]. Several studies have reported that 
inhibiting the TLR4/NF-κB pathway significantly reduces 
MIRI-related immune inflammation [101, 102]. The levels 

of the cargoes carried by BMSC-EXOs are susceptible to 
changes in the microenvironment. Thus, the role of BMSC-
EXOs in the delivery of miR-145-5p during MIRI needs to be 
supported by extensive animal experiments. MiR-21a-5p is a 
paracrine cytokine with cardioprotective effects, and cardiac 
MSC (CMSC)-EXOs act mainly through paracrine secretion 
[103]. Although animal experiments have demonstrated 
that CMSC-EXOs can promote cytokine activity and 
facilitate the repair of damaged myocardial tissues, further 
experiments are needed to verify whether the mechanism 
is associated with CMSC-EXO-mediated delivery of miR-
21a-5p [103]. PCI is the preferred option for ST segment 
elevation myocardial infarction patients [104]. PCI causes 
atherosclerotic plaques to rupture, form microscopic emboli 
and block the coronary microcirculatory system, leading 
to coronary microembolization (CME) [105]. CME is a 
complication of reperfusion therapy and an exacerbating 
factor for MIRI [106, 107]. Su et al. [108] showed that the 
TLR4/MyD88/NF-κB signaling pathway plays a key role in 
CME-induced myocardial injury. Pathological examination 
of many patients with sudden coronary death revealed 
massive occlusion of coronary vessels less than 200 μm 
in diameter due to microemboli [109]. However, coronary 
angiography can only detect vessels larger than 500 μm in 
diameter. Wang et al. [110] constructed a porcine I/R model 
and intravenously transplanted allogeneic porcine umbilical 
cord MSCs (PUCMSCs), and the occurrence of CME 
was significantly lower than that in the model group. The 
exosomes involved and the related molecular functions need 
to be further investigated. Overall, the treatment of MIRI by 
MSC-EXO-derived ncRNAs is multifaceted.

MSC-EXO-derived ncRNAs attenuate MIRI by modulat-
ing inflammation and immunity, shedding new light on the 
treatment of MIRI. Scholars are testing different methods to 
optimize the ability of MSC-EXOs to regulate inflammatory 
and immune responses to improve the efficacy and safety of 
MSC-EXOs [111, 112].

MSC‑EXO‑derived ncRNAs Attenuate MIRI 
by Regulating RCD

Typically, cell death is regulated by two types of mecha-
nisms: accidental cell death (ACD) and RCD [113]. ACD 
is often initiated by an accidental injury or attack that over-
whelms any possible molecular control mechanisms [114]. 
However, RCD has a precise molecular mechanism that can 
be regulated at the genetic and pharmacological levels [115]. 
MSC-EXO-derived ncRNAs are associated with multiple 
RCD modalities, such as apoptosis, ferroptosis, pyroptosis 
and autophagy [116–119].

Multiple studies have shown that MSC-EXOs are closely 
associated with RCD in MIRI [43, 53]. The overexpression 
of miR-21-5p exerts cardioprotective effects by promoting 
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macrophage polarization toward the M2 phenotype [44]. 
Our previous study showed that myeloid BMSC-EXOs 
expressing miR-21-5p inhibited myocardial apoptosis by 
downregulating pyruvate decarboxylase 4 (PDC4) expres-
sion, and interestingly, knockdown of circRNA_0031672 
produced a similar effect [45]. CircRNA_0031672 acts as 
a molecular sponge for miR-21-5p, and knockdown of cir-
cRNA_0031672 enhanced the inhibition of PDC4 by miR-
21-5p to achieve cardioprotection [45]. PTEN shows protein 
phosphatase and lipid phosphatase activities and reverses 
the conversion of PIP2 to PIP3, thereby inhibiting PI3K/
Akt signaling pathway activation [120]. MiR-29c expression 
is reduced in mouse I/R models, suggesting that it may be 
associated with MIRI [121]. Further experiments revealed 
that miR-29c delivered by BMSC-EXOs targeted PTEN and 
activated the AKT/mammalian target of rapamycin signal-
ing pathway to regulate autophagic flux to alleviate MIRI 
[121]. Additionally, miR-486-5p delivered by BMSC-EXOs 
could downregulate PTEN expression and activate the PI3K/
AKT signaling pathway, alleviating myocardial apopto-
sis [122]. Whether the effect of miR-486-5p delivered by 
BMSC-EXOs in combination with miR-29c enhances the 
treatment of MIRI needs to be further verified ex vivo. Addi-
tionally, miR-98-5p delivered by BMSC-EXOs could acti-
vate the PI3K/AKT signaling pathway to exert myocardial 
protective effects [123]. In addition to miRNAs, MSC-EXOs 
can carry lncRNAs, which play a regulatory role. BMSC-
EXOs deliver lncRNA A2M-AS1, which acts as a molecu-
lar sponge for miR-556-5p to regulate X-linked inhibitor of 
apoptosis protein (XIAP) expression [24]. The downregula-
tion of XIAP leads to an increase in NLRP3 inflammasomes, 
which exacerbates the inflammatory response and promotes 
apoptosis [124]. BMSC-EXO delivery of lncRNA A2M-AS1 
downregulated miR-556-5p but upregulated XIAP, further 
alleviating MIRI by inhibiting apoptosis and counteract-
ing oxidative stress [24]. Gasdermin-D (GSDMD) is a key 
protein in NLRP3-induced pyroptosis [125]. Yue et al. [93] 
showed that miR-182-5p delivered by BMSC-EXOs could 
downregulate GSDMD and further inhibit NLRP3-mediated 
pyroptosis to protect myocardial tissue. BMSC-EXOs inhibit 
apoptosis by delivering miR-148a to fight multiple diseases 
[126, 127]. Furthermore, M2 macrophage-derived exosomes 
inhibited the TLR4/NF-κB/NLRP3 axis by delivering miR-
148a and reduced pyroptosis to alleviate MIRI [128]. There-
fore, the induction of BMSC-EXOs to overexpress miR-148a 
to attenuate MIRI is theoretically feasible, but this needs to 
be further validated in vivo and in vitro. Recently, Zhang 
et al. [47] found that BMSC-EXOs were enriched in lncRNA 
Mir9-3hg, which targets the Pumilio homolog 2 /Peroxire-
doxin-6 axis to inhibit cardiomyocyte ferroptosis and allevi-
ate MIRI. HUCMSC-EXO-delivered miR-23a-3p inhibits 
ferroptosis by downregulating divalent metal transporter 
1 expression to attenuate AMI-induced myocardial injury 

[129]. Furthermore, hypoxia-induced CMEC-derived exo-
somal miR-210-3p alleviated H/R-induced myocardial cell 
injury by inhibiting transferrin receptor 1-mediated ferrop-
tosis [130].

The role of MSC-EXO-derived ncRNAs in MIRI involves 
multiple forms of RCD, such as apoptosis, pyroptosis, 
autophagy, and ferroptosis. To maximize the improvements 
in MIRI, the relationship between other RCD modalities 
and MIRI should be further investigated. Current studies are 
inadequate, and it is unclear whether these known RCDs act 
as independent death programs or as amplification mecha-
nisms for necrotic cell death [114]. Although other RCD 
modalities have been less frequently reported in MIRI, their 
roles in MIRI cannot be ignored. Therefore, further in-depth 
investigation of the relationship between MIRI and RCD is 
warranted to improve the mitigation of MIRI.

Current Challenges

MSC-EXOs play important roles in MIRI; however, our 
understanding of these factors is still in the exploratory 
stage. Various challenges limit the translation of findings 
from various studies into clinical applications. For instance, 
there are technical limitations regarding exosome prepara-
tion, storage, and drug delivery. Exosome standardization 
is also a major challenge. Exosomes are characterized by 
a highly heterogeneous nature, and the small molecules 
they carry vary depending on cell source. Exosomes are 
highly sensitive to the environment, and even homologous 
exosomes can be significantly affected by different process-
ing techniques [8].

Challenges in Exosomal Drug Delivery

Preparation of Exosomes

The clinical value of exosomes has yet to be fully estab-
lished. To evaluate the biological functions of exosomes, 
they must be isolated and purified. Based on whether they 
have been artificially modified, exosomes are classified as 
natural exosomes or engineered exosomes [131]. Natural 
exosomes can be classified as animal-derived or plant-
derived. Due to the heterogeneity in size, origin, content, 
and function of exosomes, there is no standard, universal 
technique for exosome isolation [132, 133].

The most commonly used isolation method is ultracen-
trifugation, which is simple and limits the chances of cross-
contamination [134]. However, its limitations include possi-
ble impairment of exosome integrity, time, and high costs. In 
addition, centrifugation time, centrifugal force, and parame-
ters can affect the purity and yield of exosomes. Densitomet-
ric gradient centrifugation is often used in combination with 
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ultracentrifugation to purify exosomes, but it is time-con-
suming [134]. The polyethylene glycol-based precipitation 
method is simple and time-consuming and is mostly used to 
process large sample volumes. However, purity and recovery 
are low, and this process is accompanied by the formation of 
polymers that are difficult to remove [135]. Wang et al. [136] 
developed a simple light-responsive magnetic bead sorting 
system that was based on a conventional immunomagnetic 
separation technique. The immunomagnetic separation tech-
nique is highly specific, does not affect the morphological 
integrity of exosomes and is suitable for the characterization 
and quantification of exosomal proteins [134]. This method 
may be difficult to scale up because of its low efficiency and 
unsuitability for large numbers of samples, which may result 
in the loss of functional activities of exosomes and is not 
conducive for downstream experiments.

Exosome purity and recovery also limit their applications. 
Beyond the search for new methods of preparation, a rational 
combination of existing methods can be used to efficiently 
prepare exosomes to meet the current clinical need.

Storage of Exosomes

Exosome therapy is a type of cell-free therapy. Long-term 
exosome storage is a major challenge. To protect their bio-
logical activities and facilitate clinical applications, there is 
a need to develop appropriate exosome preservation tech-
niques. Common storage methods include cryopreservation, 
freeze-drying, and spray-drying.

Temperature is of great importance in the preservation 
of exosomes. Compared to -20 °C, preservation conditions 
of -80 °C can better maintain the biological functions of 
proteins in exosomes [137]. Different sources of exosomes 
require different preservation conditions. Human saliva-
derived exosomes can remain morphologically unchanged 
for 20 months at 4 °C [138]. Human urine- and semen-
derived exosomes are better suited for storage at -80 °C [137, 
139]. Higher freezing rates and higher protectant concen-
trations are more effective, while slower freezing rates can 
lead to nanoparticle aggregation [140]. Furthermore, acidity, 
alkalinity, and the materials used to store exosomes all have 
effects [141].

The optimal preservation conditions for exosomes are still 
being determined, and the preservation of exosomes may be 
strongly influenced by their source materials.

Exosome Drug‑Loading Methods

Drug delivery approaches are classified based on whether 
the therapeutic drug is loaded directly onto the exosome: 
presecretory and postsecretory drug delivery. The former 
refers to direct loading of therapeutic agents on parental 
cells, which then secrete engineered exosomes. Presecretory 

drug delivery is convenient; however, it is not possible to 
control the drug delivery efficiency and may disrupt the 
natural physiological functions of membrane proteins [134]. 
The latter refers to the direct addition of therapeutic agents 
to exosomes; however, this method is associated with exo-
some aggregation, membrane damage, and low production 
rates [134].

Electroporation, ultrasonic treatment, and coculture are 
commonly used methods of drug loading [142]. Coculture 
is simple, time-consuming, and inefficient, while electropo-
ration and ultrasonication are not conducive for maintain-
ing the integrity of exosomal membranes. The drug loading 
rates of exosomes may be related to drug hydrophobicity, the 
drug loading method, and the lipid composition of exosomes 
[143]. Therefore, understanding exosomes and their molecu-
lar transfer mechanisms will mediate the development of 
appropriate drug loading methods.

Current Problems Associated with MSC‑EXOs in MIRI

The importance of MSC-EXOs in MIRI is still being 
investigated. First, the pathological mechanisms of MIRI 
are complex and have yet to be fully established. Second, 
current studies on MSC-EXOs in MIRI mainly focus on 
elucidating the downstream molecular mechanisms of 
miRNA regulation, ignoring the upstream mechanisms. 
Various miRNAs have been shown to be important in 
disease regulation. In animal experiments, only one 
pathway is usually studied, which deviates from the complex 
mechanisms of MIRI. The crosstalk among signaling 
pathways is also a difficult area of study. The miRNAs 
involved in general studies are those that are significantly 
differentially expressed in disease, and the roles of miRNAs 
with nonsignificant changes in expression in disease 
processes are often overlooked.

In addition to ncRNAs, the small molecules carried by 
MSC-EXOs include mRNAs, cytokines, lipids and growth 
factors [144]. Most of the current studies only focus on 
miRNAs, and less research has been performed on other 
small molecules. When drugs are loaded into exosomes, 
it is not clear what molecular mechanisms are involved 
in how these loaded small molecules react with other 
components in exosomes before they are released from the 
vesicle. There is a need to establish appropriate processes 
to induce MSC-EXOs to stably express target proteins 
and to determine how MSC-EXOs mediate intercellular 
communication. Furthermore, exosomes from different 
sources are significantly different and are influenced by 
microenvironmental changes. The safety and efficacy of 
MSC-EXOs should be ensured to enhance their use in 
treating MIRI. However, most of the current experiments 
are conducted in animals, and human-based experiments are 
inadequate.
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Treatment of MIRI is not fixed to one drug or one method. 
To maximize relief from MIRI, treatment is often performed 
using a combination of drugs or a combination of drugs 
and surgery. Findings on how MSC-EXOs mitigate MIRI 
are inconclusive. Therefore, studies on MSC-EXOs in MIRI 
should be improved from all aspects.

Prospects for MSC‑EXO Applications

Exosomes are membranous extracellular vesicles with a 
diameter of 30-150 nm [14]. They can effectively escape 
phagocytosis by mononuclear macrophages and freely 
cross vessel walls and the extracellular matrix [145]. Dur-
ing physiological and pathological processes, exosomes 
can be secreted by any cell and can act as carriers for drug 
delivery [146]. MSCs are multipotent stem cells with self-
renewal and multidirectional differentiation abilities [147]. 
They have been shown to adapt to the tumor microenviron-
ment, exhibit strong paracrine activities, and secrete various 
exosomes [148]. The positive efficacy of stem cell therapy 
is largely attributed to the release of exosomes with parac-
rine activity from stem cells [8]. Therefore, MSCs are the 
preferred sources of exosomes. Human-derived exosomes 
carry various molecules, including proteins, lipids, miR-
NAs, and mRNAs, which make them unique in mediating 
intercellular communication [149]. Compared to MSCs, 
MSC-Exos are less immunogenic, more stable, and easier 
to manage [150, 151]. In addition, MSC-EXOs preserve the 
therapeutic properties of MSCs while overcoming the limita-
tions of using MSCs as viable cells [13]. Direct applications 
of MSCs are subject to storage, transportation, and ethical 
problems. MSC-EXOs show great potential in treatment of 
cardiovascular diseases [152]. MSC-EXOs rapidly activate 
multiple cardioprotective pathways to reduce infarct area 
size and alleviate MIRI-induced cardiac dysfunction [87]. 
MSC-EXOs can alleviate MIRI by regulating various pro-
cesses, such as oxidative stress, intracellular Ca2+ overload, 
inflammatory responses, immune responses, and cell death. 
Therefore, the use of MSC-EXOs instead of MSCs to treat 
MIRI is a potential cell-free therapeutic strategy.

Conclusions

MSCs can be obtained from different sources including bone 
marrow, adipose tissue, umbilical cord, and placenta [153]. 
The pathophysiological mechanisms of MIRI involve pro-
cesses such as inflammatory responses, immune responses, 
oxidative stress, apoptosis, intracellular calcium overload, 
and cardiomyocyte energy metabolism. MSC-EXO-derived 
ncRNAs participate in the aforementioned processes to 
inhibit MIRI. Although the use of MSC-EXOs as carriers 

of therapeutic drugs or genes is still in its infancy, exosome-
related research continues to advance the development of 
MSC-EXOs in medical therapeutics and diagnostics. Stud-
ies should assess the significance of MSC-EXOs in tissue 
regeneration, organ degeneration, and intractable diseases. 
Furthermore, MSC-EXO-mediated therapies may eventu-
ally lead to significant advances in macromolecular drug or 
gene delivery.
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