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Abstract: Exosomes are a pluripotent group of extracellular nanovesicles secreted by all cells that mediate intercellular communica-
tions. The effective information within exosomes is primarily reflected in exosomal cargos, including proteins, lipids, DNAs, and non-
coding RNAs (ncRNAs), the most intensively studied molecules. Cardiac resident cells (cardiomyocytes, fibroblasts, and endothelial
cells) and foreign cells (infiltrated immune cells, cardiac progenitor cells, cardiosphere-derived cells, and mesenchymal stem cells) are
involved in the progress of ventricular remodeling (VR) following myocardial infarction (MI) via transferring exosomes into target
cells. Here, we summarize the pathological mechanisms of VR following MI, including cardiac myocyte hypertrophy, cardiac fibrosis,
inflammation, pyroptosis, apoptosis, autophagy, angiogenesis, and metabolic disorders, and the roles of exosomal cargos in these
processes, with a focus on proteins and ncRNAs. Continued research in this field reveals a novel diagnostic and therapeutic strategy for
VR.
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Introduction

Myocardial infarction (MI), a cardiovascular disease (CVD) with a high incidence, occurs when the coronary artery is
totally or partially occluded, with the consequent loss of functional cardiomyocytes (CMs). In 2013, 1 of every 7 deaths
(370,213 deaths) in the USA died of coronary heart disease. Although pharmacological, catheter-based, and surgical
interventions have improved the outcomes of acute myocardial infarction (AMI) patients significantly, cardiac damage
and pathological change persist. Ventricular remodeling (VR) in response to MI involves a comprehensive series of
pathological mechanisms, such as cardiac myocyte hypertrophy, fibrosis, inflammation, angiogenesis, pyroptosis, apop-
tosis, autophagy, and metabolic disorder, ultimately evolving into advanced heart failure (HF), the final stage of many
cardiovascular disorders. Various approaches, such as pharmacological interventions and stem cell therapies, have been
shown to attenuate VR after MI.

Exosomes, a subgroup of extracellular vesicles (EVs), are a novel mechanism of intercellular communication.
Released from intracellular multivesicular bodies (MVBs) via an exocytic pathway, exosomes transfer abundant
biological cargos into recipient cells and regulate physiological activities and pathological responses. The effective
molecules within exosomes mainly include proteins, lipids, DNAs, and non-coding RNAs (ncRNAs), the most inten-
sively studied molecules. A growing number of studies have confirmed the critical role of exosomes in pathological VR.
Recently, stem cell therapies, such as mesenchymal stem cells (MSCs) and induced pluripotent stem cells (iPSCs), have
also shown an anti-remodeling effect through paracrine effects of exosomes.” Here, we have reviewed the recent studies
about the mechanisms of ventricular remodeling, and the potential value of exosomes from various origins in VR
following MI.

International Journal of Nanomedicine 2022:17 46994719 4699
Received: 5 June 2022 © 2022 Fang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
s 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 21 September 2022
Published: 4 October 2022

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-6926-9516
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Fang et al Dove

Mechanisms of Ventricular Remodeling Following Myocardial Infarction
Cardiac Myocyte Hypertrophy

Cardiac myocyte hypertrophy is a progressive compensatory response to offset the reduction of cardiac output after MI,
as human adult CMs are terminally differentiated and unable to proliferate. It is acknowledged that the Akt/mTOR
signaling pathway plays an important role in physiological hypertrophy.*> Recent studies have revealed that TRPC6/
Calcineurin/NFAT and cWnt/B-catenin signaling pathways are associated with pathological hypertrophy.®® Jia et al
reported that Bcl2-associated athanogene 3 (BAG3) promotes physiological hypertrophy by activating the Akt/mTOR
pathway while attenuating pathological hypertrophy by inhibiting the TRPC6/CaN/NFAT pathway.” Although
a beneficial adaptive response initially, myocardial hypertrophy transforms into a detrimental change and progresses
into HF eventually under persistent pathological stimuli. Coronary angiogenesis fails to keep pace with cardiac myocyte
growth may help explain this transition.'® Furthermore, the renin-angiotensin system (RAS) is known to play a central
role in VR, especially in myocardial hypertrophy. Targeting all levels of the RAS, regulatory miRNAs are closely
associated with the progression or attenuation of myocardial hypertrophy. Specifically, miR-21, miR-132, miR-155, miR-
208, and miR-212 are involved in promoting hypertrophy, while miR-1, miR-21-3p, miR-30a, miR-101, miR-129-3p,
and miR-133a are associated with preventing hypertrophy.'!

Cardiac Fibrosis

Cardiac fibrosis is commonly characterized by excessive deposition and abnormal composition of extracellular matrix
(ECM) components in the interstitial space. It is an essential response to prevent cardiac rupture after MI.'*> However,
persistent pathological stimuli may contribute to myocardial stiffness, diastolic and systolic dysfunction, conduction
abnormality, and even sudden cardiac death (SCD), or HF ultimately. A recent study has shown that cardiac fibrosis is
strongly associated with SCD and promises to serve as a predictor for SCD in coronary artery disease (CAD) patients.'>
ECM consists of collagens, proteoglycans, glycoproteins, hyaluronic acids, and elastic fibers, which are mainly
synthesized and secreted by cardiac fibroblasts (CFs). Keeping quiescent under physiological conditions, CFs migrate
to the infarcted area and differentiate into myofibroblasts after MI. Although the exact origins of these activated CFs
(myofibroblasts) remain under debate, recent cellular lineage-tracing analyses indicated that the myofibroblasts mainly
arise from epicardium-derived resident fibroblasts.'*'> Myofibroblasts are pivotal for ECM production and scar forma-
tion in the healing phase after MI. Of note, it expresses smooth muscle a-actin (a-SMA) to support the infarcted area.
Eventually, CFs return to the resting stage or stay in the matured scar with a specialized phenotype called matrifibrocyte
after scar maturation.'®!”

Cardiac fibrosis is generally classified into three subtypes from the histopathological point of view, namely replace-
ment fibrosis, interstitial fibrosis, and perivascular fibrosis. Replacement fibrosis, as described above, refers to
a beneficial reparative process that the infarcted myocardium is replaced by a fibrotic scar after MI. Interstitial fibrosis
and perivascular fibrosis, stimulated by persistent maladaptive factors, are characterized by the diffuse ECM deposition

and fibrosis formation in the myocardial interstitium or around the cardiac capillary.'®"

Inflammation

Inflammation, which is necessary for the clearance of necrotic CMs, reconstruction of ECM, and neovascularization, plays
a central role in the progress of VR.?® Excessive activation of the inflammatory response may contribute to an irreversible
pathological cardiac change in structure and function. Main players involved in VR include tumor necrosis factor-o (TNF-a),
interleukin-1 B (IL-1p), IL-6, IL-8, IL-10, IL-18, and nuclear factor-kB (NF-kB).*>*' Under the chemotaxis of these
proinflammatory molecules, inflammatory cells infiltrate into the infarcted zone, and subsequently, initiate the inflammatory
cascade, paving the way for the following remodeling phase. Of them, the role of macrophages in VR has been most
intensively studied. Differentiated from monocytes, macrophages can be roughly categorized into M1 and M2 phenotypes
depending on their functions. M1 macrophages exhibit proinflammatory activity, producing inflammatory factors such as
TNF-a, IL-1B, and IL-6, while M2 macrophages exhibit reparative activity, contributing to CF activation, ECM reconstruc-
tion, and angiogenesis.”> >* Recently, it is reported that Lgr4, a typical member of the G protein coupled receptor (GPCR)
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family, contributes to the proinflammatory phenotype transformation of macrophages by upregulating AP-1 transcriptional
activity through the PKA/CREB signaling pathway, serving as a novel therapeutic target for post-infarct VR.%>

The nod-like receptor protein 3 (NLRP3) inflammasome, a multiprotein signaling complex, has also been identified as
a critical component of cardiac inflammation. Activated by a wide range of stimuli such as Ca2+, reactive oxygen species
(ROS), and ncRNAs, the NLRP3 inflammasome mediates the maturation of pro-inflammatory cytokines such as IL-1f
and IL-18 by interacting with caspase-1.>*" Recent studies have revealed that inhibition of the NLRP3 inflammasome
may help ameliorate pathological VR. For example, it was found that MCC950, a selective NLRP3 inflammasome
inhibitor, is capable of reversing pathological VR by inhibiting the TGF-f/Smad4 pathway and the mitogen-activated
protein kinase (MAPK) pathway.”®?? Similarly, triptolide and a-bisabolol are also reported to attenuate VR by targeting

the NLRP3 inflammasome signaling pathway.*%!

Microvascular Dysfunction and Angiogenesis

The heart is a highly vascularized organ with a dense and efficient microvascular network. Microcirculation is perceived
as vital for supplying oxygen and other nutrients to the heart, while the functional and structural abnormalities of
microcirculation are well studied to be associated with HE.>*>> In Akt-1 activated experimental models, physiological
cardiac hypertrophy is studied associated with enhanced angiogenesis, which is mainly induced by vascular endothelial
growth factor (VEGF) and angiopoietin-2, while pathological myocardial remodeling companies with impaired coronary
angiogenesis.'’ In an autopsy study, immunohistochemistry and microscopy confirmed the significant reduction of
microvascular density in patients with HF with a preserved ejection fraction (HFpEF).>* These studies confirmed that
the imbalance between angiogenesis and cardiac repair may contribute to pathological VR and HF, while enhancing
cardiac angiogenesis may serve as an ideal therapeutic strategy.”> Vascular endothelial cells (ECs), the most abundant
non-cardiomyocytes in the heart, are getting more prominence due to their role in maintaining homeostasis and guiding
organ repair.”® Expressed mainly in the endothelium of the coronary artery and capillary, endothelial Bmx tyrosine kinase
plays an essential role in cardiac hypertrophy and remodeling by involving in the Ang II-induced signal transducer and
activator of transcription 3 (STAT3) signaling pathway. Also, the silence of Bmx helps to abolish the increase in IL-6 and
IL-8, which has been implicated in pathological VR’

Cardiac Cell Death

Pyroptosis

Pyroptosis, a novel form of programmed cell death (PCD), is closely associated with the activation of the NLRP3
inflammasome and caspases. Also known as inflammatory necrosis, pyroptosis is characterized by membrane pore forma-
tion, cellular swelling, plasma membrane rupture, the release of proinflammatory cytokines IL-1f3 and IL-18, and subsequent
adverse inflammatory response.*®*° Mechanistically, pyroptosis is mainly driven by the caspase-1 mediated canonical
pathway and the caspase-4/5/11 mediated noncanonical pathway. The NLRP3 inflammasome, which consists of a sensor
protein pattern recognition receptor (PRR), an adaptor protein apoptosis-associated speck-like protein (ASC), and an effector
protein pro-caspase-1, serves as the core of pyroptosis.”**" Taking the canonical pathway as an example, PRRs recognize
intracellular and extracellular signals from damage-associated molecular patterns (DAMPs) and pathogen-associated mole-
cular patterns (PAMPs), thus promoting the combination of pyrin domain with ASC and the recruitment and activation of
pro-caspase-1. Activated caspase-1 cleave gasdermin D (GASMD) into N-terminal fragment (GASMDNT), and pro-IL-1f
as well as pro-IL-18 into their mature forms. GASMDNT inserts into the plasma membrane and forms stable gasdermin
pores, which mediate the release of IL-1p and IL-18 and subsequent cell lysis.*'** Recently, studies have demonstrated that
pyroptosis is involved in the pathogenesis of cardiovascular diseases, including hypertension, diabetic cardiomyopathy, and
cardiac fibrosis.*>™* Thus, inhibition of pyroptosis-related molecules, including NLRP3, caspases and GASMD, has
developed into a potential therapeutic strategy for myocardial injury and adverse VR.*¢*®

Autophagy

Autophagy is a lysosomal-associated physiological process involved in degrading and recycling cellular components,
such as damaged organelles, excessive cytoplasm, and invading pathogens. Participating in cellular quality control,
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autophagy is known to play a critical role in the maintenance of cellular homeostasis.**>® However, the role of autophagy

in VR remains controversial.>!

Autophagy serves as an adaptive response to limit infarct size and attenuate VR under
mild ischemia.”®>® Yang et al suggested that autophagy exerts a protective effect on CMs after hypoxia, and down-
regulation of exosomal miR-30a derived from hypoxic CMs augments the effect.>® Interestingly, trehalose, a natural
disaccharide, is reported to reduce cardiac remodeling efficiently through autophagy activation,’” whereas there is also

evidence that excessive activation of autophagy may aggravate myocardial injury and worsen cardiac function.’®

Apoptosis

Apoptosis, the most common form of PCD, plays a crucial role in physiological activities and the maintenance of home-
ostasis. Classically, apoptosis is characterized by cell shrinkage, chromatin condensation, apoptotic body formation, and
phagocytosis by macrophages.’’ There are three typical apoptotic molecular pathways: the TNF-a induced extrinsic pathway,
the mitochondrial-initiated intrinsic pathway, and the newly reported endoplasmic reticulum stress pathway. The caspase
cascade serves as the final executioner in three signaling pathways.”® Baldi et al first reported the persistent apoptotic CM loss
in the later phases of AMI and the positive correlation between CM apoptotic rate and subsequent left ventricular remodeling
in the infarcted area.”® Moreover, it was revealed that upregulation of the proapoptotic gene Nix, a central member of the Bcl-
2 family, stimulates the progress of adverse cardiac remodeling.®® Recently, cytotoxic CD8+ T lymphocytes were found to
play a proapoptotic role in adverse post-ischemic cardiac remodeling by being recruited and activated in the ischemic cardiac
tissue and releasing Granzyme B.°' Intriguingly, apoptosis and autophagy interplay with each other through several common

molecules and signaling pathways, such as p53, TNF-a, Beclin 1-Bcl-2/Bcl-xL complex, and mTOR pathway.” %2

Metabolic Disorders

It is indispensable for the human heart, the most metabolically active organ, to have an efficient and stable energy supply
system. Mitochondria are considered the primary organelles for the generation of adenosine triphosphate (ATP).
Increasing evidence has shown that mitochondrial dysfunction is implicated in pathological VR and HF.®* Specifically,
mitochondrial dysfunction is reflected in multiple levels of ATP generation, including shifted metabolic substrate
utilization, impaired mitochondrial oxidative phosphorylation (OXPHOS) system activity, increased reactive oxygen
species (ROC) generation, and aberrant mitochondrial dynamics.** Studies have confirmed that carbohydrates such as
glucose and ketone act as substitutes for fatty acids to serve as the primary energy substrates in the failing heart.®>
Recently, a study by Carley et al showed that short-chain fatty acids present an unexplored energy source in the failing
heart, with a higher oxidation efficiency compared with ketone.®’ Moreover, accumulating shreds of evidence have
indicated that impaired mitochondrial function is involved in pathological cardiac hypertrophy.®® An example is that
dual-specificity tyrosine-regulated kinase 1B (DYRKIB), which directly binds and activates STAT3, derives cardiac
hypertrophy and HF by suppressing mitochondrial bioenergetics.®” Furthermore, Li et al confirmed that miR-27b-3p,
which was elevated in transverse aortic constriction (TAC) and Ang Il-induced cardiac hypertrophy mouse models,
inhibited the OXPHOS activity to accelerate cardiac hypertrophy.”” The pathological mechanisms of ventricular
remodeling are depicted in Figure 1.

Biology of Exosomes

The Biogenesis and Uptake of Exosomes

Almost all cells are empowered to release exosomes as part of their physiological functions and pathological responses.
Generally, exosome biogenesis starts with the formation of early endosomes, derived from the endocytosis of extracellular
substances. Subsequently, early endosomes grow into late endosomes via interaction with organelles, such as the Golgi
complex and endoplasmic reticulum, and other intracellular vesicles. Continuous invagination of the late endosomal membrane
contributes to the formation of the multivesicular bodies (MVBs), the effective vehicles of exosomes. With the cooperation of
the Rab family of GTPase proteins, MVBs are transported towards and fuse with the plasma membrane, eventually, releasing
exosomes into the extracellular microenvironment.”' In addition, there is also evidence that exosomes bud directly from the
plasma membrane.”> Membrane integral proteins and adhesion molecules, including tetraspanins, lectins, integrins, and other
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Figure | The pathological mechanisms of ventricular remodeling in response to myocardial infarction.

peripheral surface receptors, mediate the specific binding of exosomes to recipient cells. Classically, exosomes are internalized

into target cells through membrane fusion, endocytosis, and specific ligand—receptor interaction.”

The Characteristics and Functions of Exosomes

Exosomes are a subgroup of single-membrane extracellular nanovesicles with a diameter ranging from 40 to 160 nm.”
Composed of various bioactive substances, like proteins, lipids, metabolites, DNAs, and ncRNAs, exosomes participate in
regulating the physiological and pathological responses of recipient cells.”” MicroRNAs, a subgroup of ncRNAs with a 21 to
23 nucleotides length, silence the target genes via binding the 3’-untranslational regions (3’-UTRs) or the coding sequences
(CDSs) of target mRNA.”*"° Furthermore, exosome secretion and compositions are closely associated with cellular origins
and exposed conditions, reflecting specific pathological states and disease progression. For example, serum levels of miR-1
and miR-133a are significantly upregulated in AMI patients, which are enriched in exosomes likely.”® Moreover, Matsumoto
et al found that p53-responsive exosomal miR-34a, miR-194, and miR-192 were increased in the serum of progressive HF
patients after AMI, serving as reliable prognostic predictors.”” The biomarkers of exosomes are the integral membrane
tetraspanin proteins (CD81, CD63, and CD9), ALG-2-interacting protein X (Alix), and heat shock proteins (HSPs), which
are ubiquitous to all exosomes. In the past decades, numerous studies have demonstrated the role of exosomes in VR, and the
effects of specific exosomal substances on cardiac myocyte hypertrophy, fibrosis, inflammation, angiogenesis, pyroptosis,

autophagy, and apoptosis are summarized in Tables 1 and 2.”®
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Table 1 Exosomal Proteins in Ventricular Remodeling Following Myocardial Infarction

Effectors Sources of Exosomes Targets Biological Effects Ref.
HSP20 CMs STAT-3 Fibrosis 1 [114]
CMs Akt pathway Apoptosis | [115]
HSP60 CMs TLR4/NF-kB pathway Apoptosis 1 [79,116,117]
HSP70 RIC plasma eNOS, iNOS, HIF-1a, Ang-1, VEGF Angiogenesis [119]
HSP90 CMs STAT-3 Fibrosis 1 [113]
Whnt3a L cells cWhnt/B-catenin Fibrosis 1 [121]
Whnt5a L cells MEK/ERK & JNK/AP-1 pathways Fibrosis 1 [121]
HIF-la MSCs VEGF & PDGF Angiogenesis 1 [122]
Shh CD34+ HSCs Canonical Shh pathway Angiogenesis 1 [127]
IL-10 EPCs NF-kB pathway Inflammation | [129]
IGF-1R RIC plasma N/A Oxidative stress | [131]
SDF-I MSCs PI3K/Akt pathway Autophagy |; [132]

Angiogenesis 1

Abbreviations: HSP, heat shock protein; HIF, hypoxia-inducible factor; Shh, sonic hedgehog; IL, interleukin; IGF, insulin-like growth factor; SDF,
stromal cell-derived factor; CMs, cardiomyocytes; RIC, remote ischemic conditioning; MSCs, mesenchymal stem cells; HSCs, hematopoietic
stem cells; EPCs, endothelial progenitor cells; STAT, signal transducer and activator of transcription; TLR, toll-like receptor; NF-kB, nuclear
factor kB; eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric oxide synthase; Ang-1, angiopoietin-1; VEGF, vascular endothelial
growth factor; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; AP-1, activator protein-1; PDGF, platelet-derived growth
factor; N/A, no available information; PI3K, phosphatidylinositol-3 kinase.

Table 2 Exosomal Non-Coding RNAs in Ventricular Remodeling Following Myocardial Infarction

Effectors Sources of Exosomes Targets Biological Effects Ref.
microRNAs
miR-19a-3p CMs HIF-la Angiogenesis | [149]
ECs ERK, Akt Angiogenesis 1 [160]
miR-21 CFs SORBS2/PDLIMS pathway | Hypertrophy 1 [83]
CSCs PTEN/Akt pathway Angiogenesis T Apoptosis | | [173]
CPCs PDCD4 Apoptosis | [174]
miR-21-5p M| macrophages TIMP3 Fibrosis 1 [142]
Telocytes Cdipl/caspase-3 pathway | Apoptosis | Angiogenesis 7 | [I51]
MSCs PDCD4, PTEN, Pelil, Apoptosis | [175]
FasL
miR-22 iPSCs Sirtl, HDAC4 Hypertrophy 1 [137]
miR-25-3p MSCs PTEN, FasL Apoptosis | [170]
EZH2/ SOCS3 pathway Inflammation |
miR-27a CFs PDLIM5 Hypertrophy 1 [135]
miR-30 CMs Beclin-1, Atgl2 Autophagy | [54]
miR-30d CMs itga5/TGF-B1/Smad Fibrosis 1 [141]
pathway Apoptosis |
MAP4K4 pathway
miR-30e MSCs NF-xB p65/caspase-9 Apoptosis | [166]
pathway
(Continued)
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Table 2 (Continued).
Effectors Sources of Exosomes Targets Biological Effects Ref.
miR-31 ADSCs FIHI/HIF-1a pathway Angiogenesis 1 [153]
miR-92a CMs Smad7 Fibrosis 1 [138]
miR-93-5p ADSCs Atg7, TLR4 Inflammation | [l6l]
Autophagy |
miR-125b MSCs p53/Bnip3 pathway Autophagy | [179]
miR-125b-5p MSCs p53, BAKI Apoptosis | [176]
miR-132 MSCs RASAI Angiogenesis 1 [154]
CMs caspase 3/IL-1B Apoptosis | [167]
miR-133a-3p MSCs Akt pathway Angiogenesis [159]
miR-143 Coronary serum of Ml patients IGF-1R/NO pathway Angiogenesis 1 [148]
miR-150-5p MSCs Bax Apoptosis | [168]
miR-152-3p CMs Atgl2 Apoptosis | [178]
let-7i-5p FasL
miR-155 MI macrophages Sirt|/AMPK02/eNOS, Angiogenesis | [92]
RACI/RAK2 pathways
CMs MAPK pathway Inflammation 1 [164]
Macrophages Son of sevenless | Fibrosis | 9o
Cytokine signaling | Inflammation 1
miR-182-5p MSCs GSDMD Inflammation | [163]
Pyroptosis |
miR-193a-5p Circulating exosomes of Ml patients | ACVRI Angiogenesis 1 [147]
miR-200a-3p CFs PIGF Angiogenesis | [84]
miR-208a CMs Dyrk2 Fibrosis 1 [139]
miR-210 MSCs AIFM3 Apoptosis | [177]
miR-212-5p MSCs TGF-B1/Smad pathway Fibrosis | [140]
miR-217 CMs PTEN Hypertrophy [81]
Fibrosis 1
miR-218-5p EPCs p53/JMY pathway Fibrosis 1 [143]
miR-363-3p Angiogenesis
miR-221-3p MSCs PTEN/Akt pathway Apoptosis | [171]
miR-222 CMs N/A Angiogenesis 1 [80]
miR-143
miR-301 MSCs N/A Autophagy | [180]
miR-302d-3p MSCs BCL6/NF-kB pathway Inflammation | [112]
miR-320a Serum of HF patients PI3K/Akt/mTOR pathway | Fibrosis 1 [144]
miR-322 CPCs NOX/ROS Angiogenesis 1 [156]
(Continued)
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Table 2 (Continued).

Effectors Sources of Exosomes Targets Biological Effects Ref.

miR-328-3p CMs caspase pathway Apoptosis 1 [165]

miR-338 MSCs MAP3K2/JNK pathway Apoptosis | [169]

miR-378 CMs p38 MAPK pathway Fibrosis 1 [145]

miR-494-3p DCs N/A Angiogenesis 1 [152]

miR-1246 HUCMSCs PRSS23/Snail/a-SMA Angiogenesis 1 [157]

pathway

miR-1246 EPCs EFL5 Angiogenesis 1 [158]

miR-1290 SPI

IncRNAs

MALAT I CPCs miR-497 Angiogenesis 1 [182]

MALAT | CMs miR-92a Angiogenesis 1 [183]

MALATI M| Macrophages miR-25-3p Angiogenesis 1 [94]

Neat| CMs N/A Fibrosis 1 [184]

AK139128 CMs N/A Apoptosis | [185]

KLF3-ASI MSCs miR-138-5p Inflammation | [186]
Pyroptosis |

UCAI MSCs miR-873-5p Apoptosis | [187]

HI9 MSCs miR-675 Angiogenesis 1 [188]
Apoptosis |

circRNAs

circHIPK3 CMs miR-29 Angiogenesis 1 [189]

circUbe3a M2 macrophages miR-138-5p Fibrosis 1 [95]

Abbreviations: MALAT |, metastasis-associated lung adenocarcinoma transcript |; CMs, cardiomyocytes; ECs, endothelial cells; CFs, cardiac fibroblasts; CSCs, cardiac
stromal cells; CPCs, cardiac progenitor cells; MSCs, mesenchymal stem cells; iPSCs, induced pluripotent stem cells; ADSCs, adipose-derived stromal cells; EPCs, endothelial
progenitor cells; DCs, dendritic cells; HUCMSCs, human umbilical cord mesenchymal stem cells; HIF, hypoxia-inducible factor; ERK, extracellular signal-regulated kinase;
SORBS?2, sorbin and SH3 domain-containing protein 2; PDLIM5, PDZ and LIM domain 5; PTEN, phosphatase and tension homolog deleted on chromosome 10; TIMP3, tissue
inhibitor of metalloproteinase 3; Cdip|, cell death inducing p53 target |; PDCD, programmed cell death; FasL, the Fas ligand; Sirtl, sirtuin |; HDAC4, histone deacetylase 4;
EZH2, enhancer of zest homolog 2; SOCS3, suppressor of cytokine signaling 3; itga5, integrin a-5; TGF, transforming growth factor; MAP4K4, mitogen-associate protein
kinase 4; NF-kB, nuclear factor xB; FIHI, factor inhibiting HIF-1; TLR, toll-like receptor; Bnip3, Bcl2-interacting protein 3; RASAI, Ras GTPase-activating protein I; IL,
interleukin; IGF, insulin-like growth factor; NO, nitric oxide; Bax, B-cell lymphoma-associated X; AMPK, adenosine monophosphate-activated protein kinase; eNOS,
endothelial nitric oxide synthase; RACI, Rac family small GTPase |; RAK2, RACI-activated kinase 2; GSDMD, Gasdermin-D; ACVRI, activin A receptor type |; PIGF,
placental growth factor; AIFM3, apoptosis-inducing factor 3; BCL6é, B-cell lymphoma 6; mTOR, mechanistic target of rapamycin; NOX, NADPH oxidase; ROS, reactive
oxygen species; PRSS23, serine protease 23; a-SMA, alpha-smooth muscle actin; ELF5, E74-like factor 5; SPI, specificity protein |; N/A, no available information.

Exosomes from Different Cellular Origins and Their Modulation Role in

Ventricular Remodeling Following Myocardial Infarction

The heart is commonly composed of a wide population of cells with distinct functions, such as cardiomyocytes and non-
cardiomyocytes (including fibroblasts, endothelial cells, and resident macrophages). Cardiomyocytes, the primary
functional cells in the heart, specialize in myocardial contraction, while fibroblasts are responsible for the synthesis of
ECM and tissue repair, endothelial cells constitute the abundant capillary network in the heart, and macrophages are
predominantly involved in inflammation and immune response after MI. It is now well recognized that communication

and interaction between these cells through exosomes contributes to the development of adverse VR following MI.
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Additionally, emerging evidence has suggested that infiltrated immune cells and stem/progenitor cells (including cardio-
sphere-derived cells, cardiac progenitor cells, and mesenchymal stem cells) exhibit a potent potential to release exosomes
regulating VR.

Cardiomyocytes

Cardiomyocytes (CMs) are considered the most critical functional cells in the human heart and the main origin of cardiac
exosomes. Gupta et al first reported that highly differentiated CMs are capable of releasing exosomes under physiological
and pathological conditions, and HSP60, which is released from CMs through exosomes, induces myocardial apoptosis
via the activation of TLR-4.” It is also studied that exosomes secreted by CMs promote cardiac angiogenesis under
ischemic conditions, and exosome-derived miR-222 and miR-143 play a major role in this process.*® Exosomes from
CMs regulate the activity of CFs and ECs through internalization by target cells. A recent study indicated that miR-217-
containing exosomes secreted by CMs promote CFs proliferation and cardiac fibrosis.®!

Cardiac Fibroblasts

Numerically, cardiac fibroblasts (CFs) constitute ~65-70% of cardiac cells in the human heart.** Bang et al studied for the
first time that miRNA-containing exosomes are involved in the interaction between CMs and CFs. CF-derived exosomes
transport miR-21-3p into CMs under stress conditions. Directly targeting and silencing sorbin and SH3 domain-containing
protein 2 (SORBS2) and PDZ and LIM domain 5 (PDLIMS), miR-21-3p participate in the development of cardiac
hypertrophy.®* Recently, it has been found that TNF-B-activated myofibroblasts produce more miR-200a-3p, transferring
it to ECs via exosomes. Enriched miR-200a-3p impairs the angiogenic potential of ECs by inhibiting the expression of
placental growth factor (PIGF), which is of great significance in endothelial biology and function.®® Interestingly, TGF-p1
expressed by cancer cell-derived exosomes is responsible for the activation of fibroblasts, which means fibroblasts also
serve as the recipient cells of exosomes.®

Endothelial Cells

Endothelial cells (ECs), which are pivotal to microvascular integrity and angiogenesis, serve as a vital source of cardiac
exosomes in physiological and pathological conditions. In a murine model of MI, the releasing of exosomes and
microvesicles, originating mainly from ECs and CMs, is significantly increased and participates in regulating local
inflammatory responses.®® Besides, it has been studied that the protein and RNA composition of EC-derived exosomes
varied under hypoxic conditions, involving proteins like fibronectin and genes like BCL2.®” The significance of exosomal
miRNAs for endothelial function has also been widely studied. By enhancing the activity of proangiogenic factors, such
as VEGF and fibroblast growth factor (FGF), and inhibiting the expression of Spred-1, an inhibitor of angiogenesis,
endothelial-specific miR-126 enhances the effect of the downstream Ras/MAPK signaling pathway and promotes
microvessel formation.®® Furthermore, van Balkom et al indicated that miR-214-containing exosomes secreted from
ECs stimulate endothelial migration and tube formation by suppressing the cell cycle arrest of recipient ECs.*’

Immune Cells

Resident and infiltrating immune cells respond quickly after MI and persist throughout cardiac remodeling. There is
rising evidence that immune cell-derived exosomes play a central role in this process.’® In the infarcted myocardium,
activated macrophages inhibit proliferation of fibroblasts by downregulating Son of Sevenless 1 via exosomal miR-155,
enhancing inflammation by downregulating Suppressor of Cytokine Signaling 1.”! Exosomal miR-155 from M1 macro-
phages has also been reported to impair the angiogenic ability of endothelial cells after MI.°> Meanwhile, M1
macrophage-derived exosomes aggregate fibrosis and exacerbate cardiac dysfunction by silencing tissue inhibitors of
metalloproteinase 3 (TIM3) via exosomal miR-21-5p.”® Additionally, emerging studies indicate that long non-coding
RNAs (IncRNAs) and circular RNAs (circRNAs), like MALAT1 and circUbe3a, are also involved in ventricular
remodeling via macrophage exosomes.”*> Dendritic cells (DCs), pivotal antigen-presenting cells, also participate in
regulating the myocardial microenvironment after MI via recruiting and activating other immune cells, especially T cells.
Zhang et al found that DC-derived exosomes (DEXs) contribute to the activation of regulatory T cells (Tregs) and the
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transition of macrophages towards the anti-inflammatory phenotype, and alginate hydrogel loaded with DEXs prolongs
the effect.”® Furthermore, DEXs directly activate CD4+ T cells through Thl pathway and upregulate the inflammatory
cytokines IFN-y, TNF and IL-2, and injection of DEXs helps ameliorate cardiac dysfunction in mice post-MI.”’

Activated CD4+ T cells also aggravate cardiac fibrosis via exosomal miR-142-3p-WNT signaling.”®

Cardiac Progenitor Cells and Cardiosphere-Derived Cells
Cardiac progenitor cells (CPCs), a pluripotent group of stem cells, are capable of differentiating into major cardiac cells
such as CMs, ECs, and smooth muscle cells after MI. Stem cell implantation or intracoronary infusion therapy has been
considered an effective approach to attenuate cardiac remodeling after MI.°%'% In 2008, Rota et al found that activation
or implantation of CPCs in the infarct zone contributes to replacing myocardial scar, expanding working myocardium,
and enhancing cardiac function eventually.'”' Deeper studies indicate that exosomes and exosomal miRNAs serve as the
powerful effectors behind the beneficial effect of CPC implantation.'? Data from Barile et al indicated that injection of
CPC-derived EVs into the infarct border zone inhibited cardiomyocyte apoptosis, stimulated angiogenesis, and improved
cardiac function 7 days after MI. According to miRNA transcriptional profiles, anti-apoptotic miR-210 and miR-132 and
proangiogenic miR-146a-3p are enriched in these extracellular vesicles.'® Targeting genes GDF-11 and ROCK-2, miR-
373 enriched in EV-CPC has also been reported to suppress fibrosis after MI.'**

Cardiosphere-derived cells (CDCs), which tend to aggregate into spheres spontaneously in suspension culture, are
a special group of CPCs and also have been proven to attenuate cardiac remodeling after MI through exosomes.””*'% In
the CADUCEUS (Cardiosphere-Derived Cells for Heart Regeneration After MI) trial, Malliaras et al demonstrated that
intracoronary administration of autologous exosomes from CDCs post-MI contributes to decreased scar mass, increased
viable myocardial mass, and improved regional cardiac function.'®® The beneficial effect was attributed to the phenotypic
conversion of fibroblasts and macrophages in subsequent studies. Priming with exosomes from CDCs in vitro, fibroblasts
downregulate the expression of TGF-f and increase the secretion of stromal cell-derived factor 1 (SDF-1) and VEGF.
Hence, intramyocardial injection of exosome-primed fibroblasts conduces to enhance cardiac pump function, increase
vessel density and reduce scar mass.'”” Besides, CDC exosome-primed macrophages were also studied to participate in
cardioprotection in rats with AMI. Exosomal miR-181b inhibits the expression of PKCd, which mediates the polarization

of macrophages, and contributes to the cardioprotective effect.'*®

Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) have been extensively investigated due to their capacity to improve cardiac function
following MI. In a 52-week follow-up study, intramyocardial administration of autologous MSCs was found to have
a therapeutic effect on left ventricular remodeling, both on LV end-diastolic volume (LVEDV) and end-systolic
volume (LVESYV), in patients with advanced HF. At 52 weeks, LVEDV and LVESV decreased by a mean of 17.0 mL
and 12.8 mL more in treated patients than controls (P = 0.006 and P = 0.017, respectively).'*® Poor cell survival rates
of in situ implantation hamper the beneficial effect of MSCs, while paracrine action of MSC-derived exosomes has
been proved to attenuate adverse VR effectively.” Recently, Yao et al designed and tested an MSC-derived exosome
spray (EXOS) in a rat model of AMI and further in a pig model. Via a minimally invasive pathway, EXOS effectively
reduced the infarct size, preserved viable myocardium, and enhanced angiomyogenesis in the post-MI hearts.''”
Intramyocardial delivery of exosomes exerts similar therapeutic effects in other studies.''' It has been proved that
MSC-derived EVs deliver miR-302d-3p to attenuate cardiac remodeling and repress inflammation by inhibiting the

Bcl-6/MD-2/NF-kB axis, a critical proinflammatory signal pathway activated under hypoxia conditions.'"?

Exosomal Proteins in Ventricular Remodeling Following Myocardial
Infarction
Heat Shock Proteins

It has been studied that heat shock proteins (HSPs), the most abundant chaperonins in cells, play a pivotal role in
cellular stress resistance as a defense mechanism after exposure to pathological conditions such as MI. HSP90,
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expressed in almost all eukaryotic cells, has been identified as the critical modulator of cardiac fibrosis. Increasing the
synthesis and secretion of exosomal IL-6 in CMs, HSP90 transmigrates to fibroblasts together with IL-6 via exosomes
during hypertrophy. Enriched IL-6 promotes collagen synthesis in CFs via biphasic activation of STAT-3
subsequently.''® Recently, phosphorylated HSP20 has also been proved to exhibit the pro-fibrotic effect through
the same regulatory pathway.''* Besides, HSP20 also negatively affects the process of myocardial apoptosis follow-
ing MI. Activating the PI3K/Akt signaling pathway and inhibiting the expression of TNF-a and IL-18, HSP20-
overexpressed exosomes relieve apoptosis and maintain cardiac function.!'> HSP60 is tightly bound to the exosomal
membrane in physiological conditions and keeps stable in the exosome, while extracellular HSP60 induces cardiac
apoptosis through binding to TLR-4 and activating NF-xB."'®''" Intriguingly, HSP27 has also been visually
confirmed to be located at the exosomal membrane via immunogold labeling and transmission electron microscopy
(TEM), and HSP27-laden exosomes exert an anti-inflammatory effect via promoting the secretion of IL-10, the anti-
inflammatory cytokines.''® Remote ischemic conditioning (RIC) serves as a potential therapeutic strategy to relieve
cardiac remodeling after MI via temporary ligation of the distal arteries. Exosomes isolated from the plasma of RIC
animal models markedly promote the expression of vasoactive substances through HSP70, including endothelial nitric
oxide synthase (eNOS), inducible nitric oxide synthase (iNOS), hypoxia-inducible factor-la (HIF-1a), angiopoietin-1

(Ang-1), and VEGF, and improve cardiac remodeling and angiogenesis subsequently.'"

Whnt

Wnt signaling pathways are critical for the fibrotic process after MI, and exosomes have been identified as the novel
transporters for Wnt proteins.'° In the canonical Wnt/p-catenin pathway, Wnt proteins protect p-catenin from degrada-
tion by inhibiting the activity of glycogen synthase kinase 3f (GSK3p) and induce B-catenin to translocate into the
nucleus, where B-catenin activates T-cell factor (TCF)/lymphoid enhancer factor (LEF) transcription factors as well as
regulates the expression of target genes. Dzialo et al revealed that Wnt 3a-rich exosomes contribute to the activation of
CFs by activating the Wnt/B-catenin pathway, while Wnt Sa-rich exosomes activate the noncanonical MEK/ERK and
JNK/AP-1 pathways and increase the expression of profibrotic IL-6."%!

Hypoxia Inducible Factor-1a

Hypoxia inducible factor-1 (HIF-1) has been recognized as a master transcriptional regulator of cellular adaptation under
hypoxia conditions. Notably, HIF-1a-overexpressed exosomes secreted by MSCs exhibit a strong proangiogenic effect on
the infarct heart by upregulating proangiogenic factors, including vascular VEGF and platelet-derived growth factor
(PDGF).'?? Further, miR-221-3p has been found to be involved in the proangiogenic and antiapoptotic effects of HIF-1a-
engineered EVs.'”® TNF-a is generally accepted as the fundamental factor related to cardiac inflammation and remodel-
ing. Initiated by HIF-lo under hypoxia conditions, TNF-a exhibits the autocrine effects and contributes to cardiac

remodeling via the exosomal pathway.'**

Sonic Hedgehog

Sonic hedgehog (Shh) exhibits a pleiotropic effect on cardiac remodeling by promoting angiogenesis and decreasing
cardiomyocyte apoptosis.'?* Previous studies have demonstrated that Shh signaling is required for the maintenance of the
coronary vasculature and Shh-containing microparticles enhance the vasculogenic capacity of EPCs and increase
coronary artery density by stimulating the production of NO.'?®'?” Further, CD34+ hematopoietic stem cell has
shown a pro-angiogenic effect via Shh-containing exosomes as well.'?®

Other Proteins

IL-10 has been identified as an anti-inflammatory cytokine, which significantly downregulated under systemic inflam-
mation conditions following MI. Yue et al found that integrin-linked kinase (ILK) is highly overexpressed in exosomes
derived from EPCs in IL-10 knockout mice, which mimics the post-MI IL-10 deficient condition. Phosphorylating p65
subunit of NF-xB, ILK in EPC-derived exosomes is involved in the activation of the NF-kB pathway and subsequent
inflammatory response.'?’ Insulin-like growth factor 1 (IGF-1) plays a pivotal role in the progress and prevention of
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pathological cardiac remodeling by regulating cardiac metabolism, apoptosis, autophagy, growth, and aging.'*
Yamaguchi et al found that IGF-1R is recruited and enriched in the exosomes after repeated RIC treatment, which
attenuates cardiac remodeling and oxidative stress by transporting IGF-1R-enriched exosomes into remote non-infarcted
myocardium."*" By activating PI3K/Akt pathway, SDF-1 has been revealed to inhibit autophagy of ischemic CMs via

MSC exosomes, as well as promote regeneration of ECs.'*? The roles of exosomal proteins are summarized in Table 1.

Exosomal microRNAs in Ventricular Remodeling Following Myocardial
Infarction
MiRNAs in Cardiac Myocyte Hypertrophy

Cardiac myocyte hypertrophy serves as an adaptive response to hemodynamic stress after MI, as well as a critical
component of VR. It is clear that miRNAs, like miR-1 and miR-133, play an essential regulatory role in the development
of cardiac hypertrophy.'**'** In a mouse model of Ang II-induced cardiac hypertrophy, CF-derived exosomal miR-21
exerts a pro-hypertrophy effect via targeting SORBS2 and PDLIMS3, the Z-line-associated proteins.®® Similarly, a recent
study showed that miR-27a is upregulated in infarcted hearts, and promotes cardiomyocyte hypertrophy through targeting
PDLIMS3, subsequently, contributing to hypertrophic gene expression.'*> TAC-induced mouse model is commonly used
for studying cardiac hypertrophy and HF. It has been found that the expression of miR-217 is upregulated both in TAC
mouse models and HF patients. Specifically, targeting phosphatase and tension homolog deleted on chromosome 10
(PTEN), exosomal miR-217 derived from CMs participates in cardiac hypertrophy as well as fibroblast proliferation.®'
A recent study showed that reprogramming fibroblasts into iPSCs attenuate cardiac hypertrophy by decreasing exosomal

miR-22, which is known to be upregulated in cardiac hypertrophy and remodeling.'*%'3’

MiRNAs in Cardiac Fibrosis

Cardiac fibrosis after MI is primarily mediated by activated CFs, namely myofibroblasts. Studies have demonstrated that
exosomes derived from hypoxic CMs contribute to CF differentiation into myofibroblasts. MiR-92a and miR-208a,
transferred into CFs via exosomes, target Smad7 and Dyrk2, respectively, and promote the phenotypic conversion of CFs,
evidenced by the increased expression of a-smooth muscle actin (a-SMA) and collagen 1."**'?° A cardiac fibrosis model
was established in C57BL/6 male mice using the left anterior descending (LAD) coronary artery ligation method and the
study discovered miR-212-5p, enriched in MSC-EVs, exerts an anti-fibrotic effect by inhibiting hypoxia-mediated
activation of CFs via targeting the TGF-B1/Smad pathway.'*® Similarly, exosomal miR-30d promotes the proliferation
of CFs by targeting integrin a-5 (itga5) directly and inhibiting the TGF-B1/Smad pathway, the key profibrotic pathway.'*!
Moreover, Ramanujam et al indicated that macrophage miR-21 is necessary to maintain the proinflammatory phenotype
of M1 macrophages and activate fibroblasts into myofibroblasts, while further study demonstrated miR-21-5p derived
from M1 exosomes induces cardiac fibrosis via targeting tissue inhibitor of metalloproteinase 3 (TIMP3).”>'*? Sun et al
showed that endothelial progenitor cell-derived exosomes enhance CF proliferation and angiogenesis in the SD rat model
of MI through the delivery of miR-218-5p and miR-363-3p. Targeting the pS3/JMY signaling pathway, miR-218-5p and
miR-363-3p inhibitor or mimic exert a significantly decreased or increased profibrotic effect both in vitro and in vivo,
respectively.'*® In addition, mi-320a in serum exosomes promotes the CF proliferation via regulating the PI3K/Akt/
mTOR pathway, as well as serves as a potential diagnostic biomarker of CHF.'"** Simulating the mechanical stress
condition after MI via TAC in vivo and stretching silicon dishes in vitro respectively, Yuan et al confirmed that miR-378
secreted from CMs inhibits excessive cardiac fibrosis by regulating the p38 MAPK pathways through a paracrine
mechanism.'* Intriguingly, it has been studied that sacubitril/valsartan, the novel component of HF treatment, exerts an
effect of attenuating cardiac fibrosis by downregulating the expression of miR-181a in the payload of circulating
exosomes. In a rodent model of chronic MI, miR-181a antagomir markedly reduced the fibrosis burden versus NC
(11.86 + 3.54 versus 42.74 £ 10.31%, P < 0.05), while miR-181a mimic + sacubitril/valsartan treatment group reduced

the region of collagen-rich tissue compared with miR-181a mimic treatment group.'*°
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MiRNAs in Cardiac Angiogenesis

Cardiac ECs are considered the primary functional cells mediating angiogenesis following MI and the significant
recipient cells of exosomes and miRNAs. A recent study reported that MI patients showed an increased level of miR-
193a-5p in circulating exosomes, protecting ECs from oxidative stress damage to promote angiogenesis.'*’ Moreover,
downregulated exosomal miR-143 in coronary serum of MI patients exerts a pro-angiogenic effect via activating IGF-1R
signaling and promoting NO production.'*® ECs are commonly regulated by surrounding cardiac cells via intercellular
communication. Reportedly, the intercellular transfer of miR-19a-3p and miR-200c-3p from CMs to cardiac ECs impairs
endothelial cell proliferation and angiogenesis.'*>"'>® Moreover, activated CFs (myofibroblasts) impair the angiogenic
potential of ECs via exosomal miR-200a-3p.** Recently, Liao et al demonstrated that telocytes, a novel population of
cardiac interstitial cells, inhibit EC apoptosis via silencing of exosomal miR-21-5p-targeted cell death inducing p53 target
1 (Cdip1) gene and, subsequently, downregulating caspase-3 to facilitate cardiac angiogenesis after ML.'>' EC prolifera-
tion, migration, and tube formation have been commonly used to assess angiogenesis capacity. Ribeiro-Rodrigues et al
confirmed that H9C2 and rat fetal CM-derived exosomes promote EC migration, tube formation, and sprouting via miR-
222 and miR-143 under ischemia, and intramyocardial administration of ischemic exosomes
facilitates neovascularization following MI.*¥® In addition, infiltrated inflammatory cells in the MI microenvironment
are also involved in angiogenesis modulation. Liu et al suggested that M1 macrophage-derived exosomes suppress the
angiogenic capacity of ECs by targeting five novel genes simultaneously, including Rac family small GTPase 1 (RAC1),
RACT-activated kinase 2 (RAK2), Sirtl, AMPKa2, and eNO0S.”? Differently, infiltrated dendritic cells exert a pro-
angiogenic effect characterized by enhanced tube formation along with increased VEGF expression.'>” Furthermore,
a growing number of studies have shown that progenitor and stem cell-derived exosomal miRNAs, such as miR-31, miR-
132, miR-210, miR-322, and miR-1246, present pro-angiogenic activity in cardiac ECs.'>* '3 EPC-derived exosomal
miR-1246 and miR-1290 reportedly induce the phenotypic shift from FBs to ECs, thus enhancing angiogenesis after
ML.'*® Besides, Zhu et al confirmed that macrophage migration inhibitory factor (MIF) enhances the pro-angiogenic
effect of MSCs through upregulating exosomal miR-133a-3p.">° Interestingly, Gollmann-Tepekdylii et al found that
mechanical stimulation of ischemic myocardium via shock wave therapy stimulates miR-19a-3p containing exosomes
released from ECs, so as to enhance EC proliferation and tube formation through downregulating thrombospondin 1,

a potent inhibitor of angiogenesis.'®’

MiRNAs in Cardiac Inflammation and Pyroptosis

The TLR4/NF-kB pathway has been considered the canonical inflammatory pathway as well as the target of exosomal
miRNAs. In a mouse model of LAD ligation, miR-302d-3p deriving from MSCs targets BCL6 directly and then inhibits
downstream NF-kB, decreasing TNF-a and IL-6 expression, so as to alleviate inflammatory response after MI.''?
Similarly, miR-93-5p decreases inflammatory factor expression to suppress inflammation after MI by inhibiting infarc-
tion-induced TLR4 expression as well.'®" Examining the proteomic alterations in peri-infarct areas, Kore et al found that
inflammatory markers (NLRP3 and LOX-1) and cytokines of pyroptosis (caspase 1, caspase 3, and GASMD) were
dramatically reduced after MSC exosome treatment.'®> Recently, exosomal miR-182-5p was found to reduce cell
inflammation and pyroptosis by downregulating the expression of GASMD.'®* Moreover, exosomal miRNAs were
also implicated in regulating macrophage activation and polarization. Transferred into macrophages from hypertrophic
CMs, miR-155 promotes macrophage activation and secretion of inflammatory cytokines IL-6 and IL-8 via the MAPK
pathway.'®* In addition, exosomal miR-155 deriving from activated macrophages suppresses the proliferation of CFs and
upregulates inflammatory cytokine expression, such as IL-1p, IL-6, TNF-0, and C-C motif chemokine ligand 2 (CCL2),

s0 as to increase the incidence of cardiac rupture after MI."!

MiRNAs in Cardiac Apoptosis and Autophagy

Apoptosis has been considered an integral part of VR, as well as the critical target of miRNAs. A previous study suggested
that the direct transfer of exosomal miR-328-3p from infarcted CMs to neighboring surviving CMs accelerates apoptosis via
the caspase signaling, the canonical apoptosis regulating signaling pathway.'®> Conversely, miRNAs such as miR-30e and
miR-132 regulate caspase pathways negatively to ameliorate apoptosis.'°®'®” Moreover, miRNAs have been implicated in
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apoptosis pathogenesis by acting on classical pro-apoptotic genes such as B-cell lymphoma-associated X (Bax), the Fas
ligand (FasL), PTEN, and p53. Studies have indicated that exosomal miR-150-5p and miR-338 derived from MSCs attenuate
CM apoptosis in the MI model via reducing Bax expression.'®'*” Peng et al confirmed that exosomal miR-25-3p from
MSCs protects CMs against oxygen-glucose deprivation (OGD)-induced apoptosis by inhibiting the pro-apoptotic proteins
PTEN and FasL, as well as attenuates inflammation via downregulating the enhancer of zest homolog 2 (EZH2)/suppressor
of cytokine signaling 3 (SOCS3) axis.'”® Recently, it was found that miR-221-3p showed a higher expression in young MSC
exosomes than in aged MSC exosomes and exerted a greater anti-apoptotic effect through the PTEN/Akt pathway.'”'
Moreover, miR-21 reportedly inhibits CM apoptosis by downregulating proapoptotic genes PTEN and the programmed cell
death 4 (PDCD4).'"*'"* Stem cell therapy, including CPCs and MSCs, has also been reported to restore cardiac function by
inhibiting apoptosis and enhancing cell survival through the exosomal miR-21/PDCD4 pathway.'’*'”> Furthermore, Zhu
et al confirmed that hypoxia-elicited exosomes (Hypo-Exo) derived from MSCs ameliorate CM apoptosis via miR-125b-5p/
p53 axis, and subsequently, intravenous administration of ischemic myocardium-targeted peptide-conjugated Hypo-Exo
markedly decreases the apoptotic area compared with the PBS and Scr-Exo control groups (6.26% = 1.17% vs 20.50% =+
1.63% and 12.27% + 1.52%, P < 0.01 and P < 0.05, respectively).'”® Also, apoptosis-inducing factor 3 (AIFM3) and
autophagy-related 12 (Atgl2) were also confirmed to be suppressed by exosomal miRNAs to attenuate post-infarction
cardiac apoptosis.'””'”® In the models of ischemic HF, Li et al showed that overexpression of miR-30 (transgenic, lentivirus,
or agomiR-mediated) ameliorates adverse cardiac remodeling, while miR-30 loss (locked nucleic acid or knockout)
exaggerates adverse cardiac remodeling, which is mediated by MAPK pathway-associated apoptosis.'*' Additionally,
miR-210 from CPCs is also involved in improving cardiac function after MI through apoptosis inhibition.'®®

The basal level of autophagy is critical for cardioprotection, while excessively promotes cell death and ventricular
remodeling. Exosomes and exosomal miRNAs are also involved in cardiac autophagy regulation. Autophagosome
markers, the microtubule-associated protein 1 light chain 3-II (LC3-II) and the autophagy receptor P62, are commonly
used to monitor autophagy. Xiao et al demonstrated that MSC transplantation exerts the cardioprotective effect through
inhibition of infarction-induced autophagy, and molecules responsible for the effect, exosomal miR-125b, targeting the
p53/Bel2-interacting protein 3 (Bnip3) pathway.'”® Moreover, miR-301 enriched exosomes also contribute to suppressing
cardiac autophagy and reducing infarction area in MI rats.'®® A recent study showed that iPSC-derived CM-derived
exosomes (ICM-Ex) increase autophagosome production and autophagy flux via mTOR and the Bcl-2 family signaling,
the known regulators of autophagy.” Also, inhibition of exosomal miR-30 reportedly contributes to maintaining the
protective autophagic response in hypoxic CMs by abolishing repression to target gene Beclin-1 and Atgl2.>*

Exosomal Long Noncoding RNAs in Ventricular Remodeling Following
Myocardial Infarction
MALATI

Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) is considered a proangiogenic IncRNA regulating the
proliferation of ECs in vitro and vascularization in vivo.'®' One study from Wu et al found that MALAT1 derived from
CPC-EVs partially contributes to improving cardiomyocyte survival and promoting angiogenesis through targeting miR-
497 under hypoxia.'®* Interestingly, Shyu et al confirmed that hyperbaric oxygen (HBO) therapy promotes angiogenesis
following MI via exosomal MALAT1. Specifically sponging miR-92a, MALAT1 upregulates the expression of kriippel-
like factor 2 (KLF2) and CD31 to enhance neovascularization in the rat model of AMI.'®® Further, it has been shown that
MALATT1 exerts an inhibitory effect on angiogenesis by competitively binding to miR-25-3p, increasing the expression
of CDC42, subsequently, activating the MEK/ERK pathway.’*

Other IncRNAs

LncRNA Neatl and AK139128 were found to be highly expressed in hypoxic cardiomyocyte-derived exosomes.
Regulated by HIF2A under hypoxia, Neatl is indispensable for fibroblast survival and functions, such as migration
capacity and fibrotic gene expression, while AK139128 stimulates fibroblast apoptosis and inhibits proliferation,
migration, and invasion in the rat model of ML'#'®> MSCs serve as an important source of IncRNA-containing
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exosomes. Recently, IncRNA KLF3-AS1 derived from MSCs was found to ameliorate cardiomyocyte inflammatory
response and pyroptosis in MI rats via reacting with miR-138-5p to upregulate Sirtl.'®® Moreover, IncRNA urothelial
carcinoma associated 1 (UCAL1) increases the level of antiapoptotic protein BCL2 to exert a cardioprotective effect via
the miR-873-5p/XIAP axis.'®” Interestingly, Huang et al found that atorvastatin enhances the cardioprotective effects of
MSCs. In the atorvastatin-pretreated MI model, exosomal IncRNA H19 activates the proangiogenic factor VEGF to
promote angiogenesis in the peri-infarct region, as well as downregulates IL-6 and TNF-o to inhibit apoptosis, via
upregulating the expression of miR-675.'%%

Exosomal Circular RNAs in Ventricular Remodeling Following Myocardial

Infarction

Circular RNAs (circRNAs), a special type of ncRNAs, are recently studied expressed in exosomes and participate in the
pathogenesis of cardiac remodeling. Wang et al reported that exosomal circHIPK3 derived from hypoxic CMs effectively
promotes angiogenesis in the peri-infarct area, as well as reduces the infarct area. Mechanistically, circHIPK3 sponges
miR-29 to upregulate proangiogenic factor VEGFA in cardiac ECs and subsequently enhance the proliferation, migration,
and tube formation of cardiac ECs.'® Further, it is also reported that circUbe3a exacerbates myocardial fibrosis after MI
by promoting the phenotypic transformation of CFs via targeting miR-138-5p.”> The roles of exosomal ncRNAs are
summarized in Table 2.

Conclusion

Myocardial infarction is a progressively prevalent health problem worldwide, and ventricular remodeling following MI is
still a troublesome challenge. It has been widely researched that VR is a multiphasic maladaptive response to various
stimuli, including MI, which involves a complex series of adverse mechanisms. In addition to cardiac myocyte
hypertrophy, fibrosis, angiogenesis and metabolic disorders, other novel pathologic changes have recently been appre-
ciated, including inflammatory response, immune cell activation and programmed cell death. A host of cell types,
including cardiomyocytes (promoting cardiac hypertrophy), fibroblasts (promoting fibrosis), endothelial cells (promoting
microvascular dysfunction), immune cells (promoting inflammation and immune response), and stem/progenitor cells
(promoting proliferation and regeneration), are involved in orchestrating this complicated pathological process, and it is
now clear that exosomes secreted by these cells are pivotal in the modulation of VR.

Current studies on exosomes and exosomal molecules have provided novel strategies for optimized VR diagnosis and
treatment. Derived from different cells, exosomes are heterogeneous in size and contents, reflecting the physiological and
pathological states. For example, exosomes enriched with p53-responsive miR-34a, miR-192 and miR-194 contribute to
the prediction of HF after MI.”” Similarly, exosomal molecules, especially miRNAs, show promise to be biomarkers for
the diagnosis of VR.'"” Transferring biological cargos into recipient cells, exosomes regulate signaling pathways
associated with modulation of VR and thus promote cardiac function. Nevertheless, exosomes fail to induce cardiomyo-

I Moreover, the transportation properties, biocompatibility, and low immuno-

cyte proliferation in the infarcted heart.
genicity characteristics of exosomes make it possible to become drug delivery vesicles and clinical tools.'*? For example,
Vandergriff A et al conjugated exosomes with cardiac homing peptide to effectively target exosomes to the infarcted
heart, promoting cellular proliferation and angiogenesis.'**> Furthermore, stem cell therapy, such as MSCs and induced
pluripotent stem cells, has also shown an anti-remodeling effect through paracrine effects of exosomes.

However, there are still several problems remaining to be solved. Owing to technical limitations, there is still a lack of
standard isolation and purification procedures to distinguish exosomes from microvesicles and apoptotic bodies. In
addition, the rapid clearance of exosomes from bodies issues a challenge to persistent beneficial effects. Moreover, their
susceptibility to change makes it difficult to isolate precisely. Nonetheless, we expect to see tremendous advances in the

exosome field and breakthroughs in exosomal applications for ventricular remodeling.
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