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Abstract

Myocardial infarction (MI) and age-related cardiac remodeling remain major causes of morbidity and mortality
worldwide. Because the adult heart has only limited regenerative capacity, extracellular vesicles (EVs) have
emerged as promising acellular mediators of tissue repair, with the potential to mitigate both ischemic injury and
age-associated decline. Preclinical studies demonstrate that EVs derived from stem and progenitor cells exert
anti-apoptotic, anti-fibrotic, anti-inflammatory, and pro-angiogenic effects. In aged hearts, EVs can help restore
metabolic homeostasis, attenuate pro-senescent signaling, and improve functional resilience. Early-phase clinical
trials suggest that EV-based or EV-enriched products are feasible and safe, although evidence of efficacy remains
limited. This review synthesizes current mechanistic insights into EV-mediated regulation of inflammation, fibrosis,
angiogenesis, oxidative and ferroptotic stress, and cellular senescence, underscoring the therapeutic potential of
EVs in cardiac regeneration - particularly in older patients with impaired endogenous repair. Importantly, it
uniquely integrates the dual roles of EVs in both myocardial infarction repair and cardiac aging, thereby addressing
a critical gap in the literature. By linking mechanisms of post-infarction regeneration with age-related cardiac
decline, we outline the translational challenges and opportunities of EV-based therapies. Further advances in EV
engineering, targeting, dosing, potency assays, and standardization will be essential for successful clinical
translation.
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INTRODUCTION

Cardiovascular aging is a fundamental driver of morbidity and mortality worldwide, contributing to a
gradual decline in cardiac function, increased susceptibility to ischemic events, and impaired reparative
capacity!. Despite advances in acute cardiac care, long-term outcomes after myocardial infarction (MI)
remain suboptimal-especially in older patients-due to the heart’s limited regenerative potential and the
compounding effects of age-related remodeling”. Addressing these dual challenges requires innovative,
multifaceted therapeutic strategies that go beyond traditional pharmacological interventions.

Extracellular vesicles (EVs)-membrane-bound nanoparticles released by nearly all cell types-have recently
emerged as key players in intercellular communication and tissue regeneration*. Unlike cell-based
therapies, EVs exert their therapeutic effects primarily through the delivery of functional RNAs, proteins,
and lipids that modulate apoptosis, inflammation, angiogenesis, fibrosis, and oxidative stress”*. These
properties make them attractive candidates for cell-free cardiac regeneration.

However, while EVs have been extensively studied in models of acute ischemia and heart failure (HF)®"",
their potential to reverse or attenuate age-related cardiac deterioration remains an underexplored frontier.
Accumulating evidence suggests that EVs not only mitigate injury in the context of MI, but also possess the
capacity to modulate pathways implicated in cardiac aging - such as cellular senescence, metabolic
dysfunction, telomere attrition, and chronic inflammation"*"*.

Although numerous reviews have addressed the role of EVs in MI®'” or, separately, in cardiovascular
aging'™"”, very few have systematically integrated these two domains. Existing literature typically focuses
either on acute post-infarction repair mechanisms or on age-associated cardiac remodeling, without
exploring how aging-specific pathophysiology influences the efficacy, mechanisms, and translational
potential of EV-based therapies. This represents a critical knowledge gap, as older patients - who make up
the majority of those affected by MI - may respond differently to regenerative interventions due to
age-related changes in inflammation, fibrosis, metabolism, and cellular senescence!".

In this review, we aim to address this gap by synthesizing evidence across both preclinical and early clinical
studies that investigate EV-mediated repair in the context of MI and cardiac aging. Specifically, we examine:
(i) the mechanistic pathways by which EVs modulate inflammation, angiogenesis, fibrosis, oxidative stress,
and ferroptosis; (ii) the influence of age-related alterations in the cardiac microenvironment on EV efficacy;
and (iii) emerging bioengineering and delivery strategies to optimize EV-based interventions for older
patients. Publications were identified through structured searches of PubMed, Scopus, and Web of Science,
with inclusion criteria encompassing original research and clinical trials on EVs in myocardial ischemia,
cardiac remodeling, and aging. By bridging the mechanistic and translational perspectives of MI and aging,
this review provides a novel integrated framework for understanding how EVs function at the interface of
cardiac injury and aging. This dual focus underscores their potential as both regenerative and rejuvenating
tools, while highlighting translational challenges that are particularly relevant for elderly patients.

CLASSIFICATION AND BIOGENESIS OF EXTRACELLULAR VESICLES

Under both physiological and pathological conditions, diverse cell types release EVs, which are nanoscale,
membrane-bound particles. EV's represent a conserved mechanism of intercellular communication that is
increasingly recognized for its diagnostic and therapeutic potential'®..
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EVs are generally classified into three major categories based on their size and biogenesis:
» Exosomes (30-150 nm)

Exosomes originate from the endosomal pathway. Intraluminal vesicles form within multivesicular bodies
(MVBs), which subsequently fuse with the plasma membrane to release exosomes into the extracellular
space. Their formation is regulated by the Endosomal Sorting Complex Required for Transport (ESCRT)
machinery as well as ESCRT-independent mechanisms involving tetraspanins (e.g., CD63, CD81)".

» Microvesicles (100-1,000 nm)

Microvesicles bud directly from the plasma membrane through calcium-dependent cytoskeletal remodeling.
Their release is frequently upregulated under stress, inflammatory, or hypoxic conditions'.

« Apoptotic bodies (500-2,000 nm)

These vesicles are generated during programmed cell death and contain nuclear fragments, organelles, and
cytoplasmic components. Once considered biologically inert, apoptotic bodies are now recognized as active
participants in immune signaling and intercellular transfer of genetic material"®.

EVs carry a wide array of bioactive molecules, including proteins [e.g., heat shock proteins, integrins, major
histocompatibility complex (MHC) molecules], lipids (e.g., sphingomyelin, cholesterol), and nucleic acids
[e.g., messenger RNAs (mRNAs), circular RNAs, microRNAs (miRNAs)]. Their molecular composition
reflects the cell of origin and its physiological state, thereby offering potential as disease-specific
biomarkers'.

A major advantage of EVs is their stability in circulation. The lipid bilayer protects their cargo from
enzymatic degradation, enabling systemic transport while preserving functional integrity'®. Additionally,
EVs exhibit intrinsic biodistribution patterns-often referred to as natural tropism-that enable them to cross
biological barriers such as the blood-brain barrier, fibrotic tissues, and endothelial junctions. This capacity is
mediated both by receptor-ligand interactions (e.g., integrins, tetraspanins) and by size-dependent passive
transport mechanisms under conditions of increased vascular permeability"”.

Recent profiling studies have identified EV subtypes with enhanced therapeutic potential. For example, EV's
derived from hypoxia-preconditioned mesenchymal stem cells (MSCs) are enriched with regenerative
miRNAs such as miR-210 and miR-21, which augment their reparative capacity”.

Furthermore, bioengineered EVs-modified with targeting ligands, reporter molecules, or synthetic cargo-are
being developed as “smart delivery systems” for RNA-based therapeutics and proteins, with potential
applications across regenerative medicine, oncology, and neurology'*".

Despite this growing interest, significant challenges persist in EV characterization, nomenclature, and
isolation. Techniques such as ultracentrifugation and size-exclusion chromatography (SEC) vary in
efficiency and yield. For this reason, the International Society for Extracellular Vesicles (ISEV) recommends
the use of the umbrella term EVs unless their specific biogenesis can be conclusively determined“. An
overview of EV subtypes is presented in Table 1.
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Table 1. Comparison of major types of extracellular vesicles

Property Exosomes Microvesicles Apoptotic bodies

Size 30-150 nm"”? 100-1,000 nm"’ 500-2,000 nm""®!

Origin MVB fusion"”’ Plasma membrane budding[S] Apoptosis-mediated release’™
Cargo Membrane proteins, RNA, Iipidsm Similar to parent cell™ Nuclear and organelle fragmentsm]

Markers CD9, CD63, cD81™” No exclusive markers™ No exclusive markers"™®

MVB: Multivesicular bodies.

FUNCTIONAL CARGO AND MECHANISMS OF CARDIOPROTECTION

EVs exert cardioprotective effects by transferring bioactive molecules that modulate key biological processes
involved in MI, including apoptosis, inflammation, angiogenesis, oxidative stress, and fibrosis”*’. Owing to
their ability to shuttle functional RNAs and proteins, EVs act as effective mediators of cardiac repair,
particularly in models of ischemia/reperfusion (I/R) injury®'..

Anti-apoptotic effects

One of the earliest observed benefits of EV therapy is the reduction in cardiomyocyte apoptosis. EV's
derived from MSCs (MSC-EVs) are enriched in anti-apoptotic miRNAs such as miR-21, miR-19a, and
miR-210, which suppress pro-apoptotic genes such as phosphatase and tensin homologue (PTEN),
programmed cell death 4 (PDCD4), and Bim"™.

In murine MI models, administration of miR-21-enriched EVs significantly reduced cardiomyocyte
apoptosis, increased Akt phosphorylation, and improved ventricular function®. Similarly, miR-210
enhances hypoxia tolerance and inhibits apoptosis by targeting caspase 8-associated protein 2 (Caspsap2)"*.

Immunomodulation

Post-infarction inflammation is necessary for debris clearance but can become detrimental if prolonged.
EVs modulate immune responses by influencing macrophage polarization. MSC-derived EV's containing
miR-181b, miR-182, and miR-146a have been shown to promote a shift toward the M2 (anti-inflammatory)
macrophage phenotype, reducing the release of pro-inflammatory cytokines such as tumor necrosis
factor-alpha (TNF-a), interleukin (IL)-6, and IL-1p"*",

Additionally, these EVs inhibit nuclear factor-xB (NF-«B) activation, a key transcription factor in
inflammation, and enhance IL-10 expression while suppressing Toll-like receptor signaling - creating a

28]

tissue repair-favorable environment!

However, the extent and consistency of these immunomodulatory effects vary depending on the donor cell
source, culture conditions, and timing of administration.

Pro-angiogenic properties

EVs contribute to post-MI neovascularization by delivering pro-angiogenic factors such as vascular
endothelial growth factor (VEGF), angiopoietin-1, miR-126, miR-132, and miR-210. These mediators
stimulate endothelial cell proliferation, migration, and tube formation. EVs from endothelial progenitor
cells (EPCs) significantly enhance capillary density in infarcted myocardium and restore perfusion in
ischemic zones™. MiR-126-rich EVs activate mitogen-activated protein kinase (MAPK)/extracellular
signal-regulated kinase (ERK) and phosphoinositide 3-kinase (PI3K)/Akt pathways, thereby promoting
vascular sprouting and endothelial survival*”. Hypoxia-preconditioned EVs show even greater angiogenic
potential due to upregulation of hypoxia-inducible miRNAs such as miR-210". Large-animal studies
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confirm pro-angiogenic benefits but report variability in vessel maturity and functional integration,
highlighting the need for standardized angiogenesis assessment.

Anti-fibrotic and pro-regenerative effects

Excessive extracellular matrix (ECM) deposition leads to cardiac fibrosis, reducing contractility and
increasing arrhythmogenic risk. EVs help counter fibrosis by modulating the transforming growth factor-
(TGF-B)/Smad pathway and inhibiting myofibroblast differentiation.

Exosomal miR-29 targets ECM-related genes such as Collagen Type I Alpha 1 Chain (COL1A1), Collagen
Type III Alpha 1 Chain (COL3A1), and fibrillin-1 (FBN1), reducing collagen synthesis"”". EVs enriched in
miR-133a and miR-30d also exhibit anti-fibrotic effects by limiting fibroblast proliferation and

downregulating profibrotic transcription factors such as connective tissue growth factor (CTGF)".

Furthermore, cardiosphere-derived cell EVs (CDC-EVs) represent a heterogeneous population enriched in
exosome-sized vesicles (30-150 nm) carrying Y RNA fragments, cardioprotective miRNAs, and other
non-coding RNAs that stimulate cardiomyocyte proliferation and metabolic reprogramming in the infarct
border zone"".. Initially described by Marban’s group, their reparative effects have since been validated by
independent groups in both rodent and porcine models of MI, supporting the reproducibility and
robustness of their therapeutic potential®'!,

Antioxidant and anti-ferroptotic actions

Oxidative stress is a major contributor to ischemic injury. EVs mitigate redox imbalance by delivering
antioxidant enzymes (e.g., catalase, superoxide dismutase) and regulatory miRNAs that suppress reactive
oxygen species (ROS) production.

Some EVs also prevent ferroptosis - an iron-dependent form of cell death - by restoring expression of
glutathione peroxidase 4 (GPX4) and maintaining iron homeostasis"”. The anti-ferroptotic role of EVs in
cardiac tissue remains based mainly on small-animal models; translation to human pathology has not yet
been demonstrated. Table 2 summarizes the major mechanisms by which EVs exert cardioprotective effects
following MI.

PRECLINICAL EVIDENCE AND EXPERIMENTAL MODELS

Extensive preclinical studies have highlighted the regenerative potential of EVs in MI and HF. Experimental
models - ranging from rodents to large animals - consistently demonstrate that EVs derived from stem and
progenitor cells can modulate injury responses and promote cardiac repair.

In vitro models

In vitro studies are crucial for dissecting how EVs influence cardiomyocytes and related processes. Most of
these experiments rely on cell cultures, which offer reproducibility and experimental control, but their
results must be interpreted with caution, as they cannot fully replicate the complexity of in vivo conditions.
Nevertheless, they provide valuable mechanistic insights into angiogenesis, anti-apoptotic signaling,
immunomodulation, and anti-fibrotic effects. Below, we summarize selected in vitro studies investigating
the impact of EVs on cardiomyocytes and other cardiac-related cells under controlled culture conditions.

Exosomes derived from bone marrow MSCs (BMMSCs) overexpressing miRNA-126 stimulated
proliferation, migration, and tube formation of human umbilical vein endothelial cells (HUVECs)**. This
effect was attributed to the transfer of miRNA-126, which suppressed Phosphoinositide-3-Kinase
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Table 2. Therapeutic mechanisms of EVs in ischemic heart injury

Mechanism of Action  Key molecules/pathways Therapeutic effect References

Anti-apoptotic miR-21, miR-19a, miR-210 Reduced cardiomyocyte apoptosis, improved [19-21]
cardiac function

Immunomodulatory miR-181b, miR-182, miR-146a, IL-10 Promoted M2 macrophage polarization; reduced [22-25]
inflammatory cytokines

Pro-angiogenic VEGF, angiopoietin-1, miR-126, miR-132, miR-210,  Enhanced neovascularization and perfusion [9,26,27]

PI3K/Akt, MAPK/ERK

Pro-regenerative and Anti- TGF-B/Smad, miR-29, miR-133a, miR-30d, CTGF  Inhibited fibroblast activation and ECM [9,10,28,29]

fibrotic deposition

Anti-ferroptotic and Catalase, SOD, GPX4 Reduced oxidative damage and ferroptosis [30]

Antioxidant

VEGF: Vascular endothelial growth factor; IL: interleukin; TGF-B: transforming growth factor-p; GPX4: glutathione peroxidase 4, ECM: excessive
extracellular matrix; EVs: extracellular vesicles; SOD: superoxide dismutase.

Regulatory Subunit 2 (PIK3R2) and activated the PI3K/Akt pathway”", suggesting a potential therapeutic
strategy for enhancing angiogenesis.

Cheng et al. demonstrated that exosomes from hypoxia-damaged MSCs reduce apoptosis in ischemic
cardiomyocytes™. Specifically, exosomal miRNA-210 activated the PI3K/Akt pathway in cardiomyocytes,
thereby decreasing apoptosis”™. Similarly, EVs promoted the growth of HoC2 cardiomyocytes through
vesicle-derived miRNA-17-3p, which targets and inhibits Tissue Inhibitor of Metalloproteinase-3
(TIMP3)".

In another study, exosomes derived from H9C2 cardiomyoblasts exposed to hypoxia were enriched with
cardioprotective miRNAs, including miRNA-21-5p, miRNA-378-3p, miRNA-152-3p, and let-7i-5p"’.
Functional gain- and loss-of-function analyses revealed that these exosomal miRNAs attenuate
hypoxia-induced apoptosis in vitro®. Luciferase reporter assays confirmed that miRNA-152-3p directly
targets Atg12 and let-7i-5p targets Faslg, both of which are pro-apoptotic genes"”.

Finally, small EV-like vesicles (ELVs) enriched with miRNA-126 were produced from c-kit" progenitor
cell-derived sEVs and shown to enhance angiogenic activity in vitro®.

Rodent models

In murine and rat models of acute myocardial infarction (AMI), administration of EVs - via
intramyocardial, intravenous, or intracoronary routes - shortly after I/R injury has consistently been shown
to:

« Reduce infarct size;

« Improve left ventricular ejection fraction (LVEF);

» Decrease myocardial fibrosis and cardiomyocyte hypertrophy;

« Enhance angiogenesis and neovascularization;

» Increase cardiomyocyte survival and proliferation.
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For example, intravenous injection of MSC-derived EVs within 30 min post-MI significantly reduced
infarct size and improved LVEF in rats. These effects were linked to reduced cardiomyocyte apoptosis,
increased capillary density, and attenuated inflammation""..

EVs derived from embryonic stem cells (ESC-EVs) also demonstrated therapeutic activity by activating
endogenous cardiac progenitor cells (CPCs), thereby promoting neovascularization and myocardial repair.
One study reported that ESC-EV treatment increased Ki-67 expression and the number of c-kit" cells in the

39]

infarct border zone, consistent with stimulated cell proliferation!

Similarly, CDC-EVs improved systolic function, reduced scar formation, and enhanced myocardial
structure in both acute and chronic porcine MI models. Their beneficial effects have been attributed to
complex RNA cargo, including Y RNA fragments and regulatory miRNAs".

EVs from induced pluripotent stem cells (iPSC-EVs) also displayed cardioprotective effects in murine I/R
models. By delivering hypoxia-inducible factor 1-alpha (HIF-1a)-modulating miRNAs such as miR-210,

[40]

they improved cell survival under hypoxic conditions and limited infarct expansion'’.

Large animal models

Translation of EV-based therapies into large animal models is a critical step toward clinical application. In
porcine MI models, intracoronary infusion of CDC-EV's following coronary occlusion significantly reduced
infarct size, preserved myocardial contractility, and prevented adverse left ventricular remodeling.
Remarkably, these therapeutic effects persisted for up to three months post-treatment, suggesting durable
benefits"..

Likewise, EVs derived from human umbilical cord MSCs (hUC-MSC-EVs) administered to pigs after I/R
injury reduced serum troponin levels, improved global longitudinal strain, and decreased collagen
deposition in the peri-infarct region'*'..

Route, timing, and dosage considerations

The route of EV delivery strongly influences biodistribution, myocardial retention, and therapeutic efficacy.
Intramyocardial injection ensures direct targeting of the infarcted myocardium but is invasive and less
feasible in clinical practice. Intravenous and intracoronary routes are more practical and have shown
efficient homing to injured cardiac tissue, largely due to enhanced vascular permeability and inflammatory

42,43]

signaling in ischemic regions**.

Timing of administration is equally critical. Early delivery - typically within hours of MI - maximizes
cardioprotection by counteracting acute apoptotic and inflammatory responses”. Nevertheless, delayed
administration, several days post-injury, may still confer regenerative benefits by reducing fibrosis and
promoting angiogenesis during the chronic remodeling phase..

EV dosage varies widely across studies, with most preclinical protocols employing between 10° and 10"
particles per administration, depending on EV origin, delivery route, and animal model™. The absence of
standardized quantification and normalization methods remains a major obstacle to cross-study
comparisons and to defining optimal dosing for clinical translation.
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Mechanistic insights

Elaborating on the general cardioprotective mechanisms described earlier (comprising anti-apoptotic,
pro-angiogenic, immunomodulating, anti-fibrotic and anti-oxidative actions), the section highlights the key
signalling pathways through which EVs mediate these biological processes. EV's exert their therapeutic
effects by modulating several key signaling pathways involved in myocardial healing and regeneration:

» PI3K/Akt and MAPK/ERK pathways

Particularly activated by MSC-EVs, these pathways promote cardiomyocyte survival, proliferation, and
angiogenesis via mechanisms such as Akt-mediated B-cell lymphoma-2 (Bcl-2) upregulation and
endothelial tube formation'**.

« TGF-B/Smad signaling inhibition

EVs suppress cardiac fibrosis by downregulating Smad2/3 phosphorylation and delivering anti-fibrotic
miRNAs (e.g., miR-29, miR-133a, miR-30d), leading to reduced expression of ECM-related genes such as
COL1A1 and CTGF**,

« Notch1 and Wnt/p-catenin signaling

These pathways regulate the self-renewal, differentiation, and survival of CPCs. CPCs are commonly
identified by markers such as c-kit, Sca-1, and Isl1, although their precise phenotype remains under
debate*”. EVs may deliver ligands such as Jagged-1 or regulatory miRNAs (e.g., miR-199a, miR-17-92
cluster) to activate these developmental programs”*?.

* NF-«B pathway suppression

EVs attenuate post-MI inflammation by inhibiting NF-«xB nuclear translocation and downregulating
inflammatory cytokines (e.g., TNF-a, IL-6, IL-1B). This is facilitated by miRNAs such as miR-146a and
miR-181b*?7),

 Emerging pathways

o Ferroptosis inhibition via GPX4 restoration and iron balance [e.g., miR-214, nuclear factor-erythroid
2-related factor 2 (NRF2) activation]®;

55],
>

o Mitochondrial transfer supporting oxidative phosphorylation in damaged cardiomyocytes'
o Hippo-Yes-associated protein (YAP) pathway modulation promoting cardiomyocyte proliferation”.

Taken together, these findings demonstrate that EVs engage multiple cardioprotective pathways-including
PI3K/Akt, MAPK/ERK, Notch1, Wnt/p-catenin, TGF-g/Smad inhibition, and NF-«B suppression-while also
influencing emerging processes such as Hippo-YAP signaling, ferroptosis, and mitochondrial transfer.
Through these mechanisms, EVs orchestrate cell survival, angiogenesis, resolution of inflammation, and
tissue repair. Recent evidence further suggests that EV's can directly reprogram cardiomyocyte metabolism,
highlighting their multifaceted therapeutic potential**.
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Figure 1 provides a schematic overview of signaling pathways modulated by EVs and their associated
regenerative effects in the myocardium.

EVs reduce inflammation by suppressing NF-kB, lowering TNF-a and IL-6, and promoting M2 macrophage
polarization. They limit fibrosis via TGF-B/Smad inhibition, reduced Smad2/3 phosphorylation, and
downregulation of ECM-related genes. Pro-regenerative effects include activation of Notch1 and
Wnt/B-catenin pathways, enhancing cardiac progenitor proliferation and differentiation. EV-mediated
PI3K/Akt activation increases Bcl-2, decreases apoptosis, and improves function. EVs also protect against
ischemia-induced oxidative stress through antioxidant transfer, GPX4-mediated ferroptosis inhibition, and
reduced ROS.

AGING-ASSOCIATED CARDIAC REMODELING AND THE EMERGING ROLE OF
EXTRACELLULAR VESICLES

Cardiac aging is a progressive physiological process that profoundly affects cardiovascular disease. It is a
multifactorial phenomenon driven by the interplay of genetic, environmental, and intracellular alterations.
With advancing age, various cardiac cell types become less efficient and increasingly prone to promoting
chronic low-grade inflammation, which significantly impairs myocardial function"’.

Even low-grade, persistent inflammation reduces cardiac resilience, while aging-related changes in calcium
handling impair the contractile and relaxation capacity of cardiomyocytes'. Moreover, aging promotes
myocardial hypertrophy, fibrosis, and valvular degeneration, ultimately leading to reduced cardiac output
and diastolic dysfunction®’.

The effects of aging on the heart can be broadly described across four domains:

« Structural changes include atrial enlargement, myocardial fibrosis, vascular stiffening, and left ventricular
wall thickening, all of which decrease myocardial compliance.

« Functional changes encompass diastolic dysfunction, reduced cardiac output, impaired relaxation,
diminished B-adrenergic responsiveness, increased susceptibility to arrhythmias, and cardiac autonomic
dysregulation.

« Cellular changes involve cardiomyocyte senescence, mitochondrial dysfunction, impaired autophagy, and
heightened fibroblast activity that promotes extracellular matrix deposition. Endothelial cells also display
reduced angiogenic capacity, further compromising tissue repair.

* Genetic and epigenetic changes include telomere attrition, accumulation of DNA damage, altered
methylation patterns, and deposition of amyloid fibrils, all of which exacerbate myocardial decline.

Together, these multifactorial processes create an aged cardiac microenvironment that compromises
endogenous repair and increases vulnerability to stressors. Contemporary studies emphasize the
contribution of mitochondrial dysfunction and metabolic decline” as well as senescence-driven
inflammatory signaling"” in driving adverse remodeling.

Addressing cardiac aging requires a multifaceted therapeutic approach, encompassing pharmacological
agents, gene modulation, and regenerative strategies™. While stem cell therapy has shown promise in
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Figure 1. Key signaling pathways modulated by extracellular vesicles (EVs) in post-myocardial infarction repair. TNF-a: Tumor necrosis
factor-alpha; IL-6: interleukin-6; NF-kB: nuclear factor-kB; TGF-p: transforming growth factor-p; ECM: excessive extracellular matrix;
ROS: reactive oxygen species; GPX4: glutathione peroxidase 4; PI3K: phosphoinositide 3-kinase; Bcl-2: B-cell lymphoma-2.

cardiac regeneration, accumulating evidence suggests that its benefits are primarily mediated through
paracrine signaling rather than direct cell engraftment"”. Consequently, increasing attention is being
directed toward EVs - key mediators of intercellular communication that transport functional proteins,
nucleic acids, and lipids.

EVs are currently being explored not only as regenerative agents but also as modulators of aging-related
processes, including oxidative stress, inflammation, and telomere attrition"”. Their capacity to influence
multiple cellular pathways positions them as a compelling tool in the development of cell-free strategies to
counteract age-associated cardiac dysfunction.

EVs as mediators of cardiac aging

Aging-associated transcriptional remodeling in cardiac fibroblasts and macrophages enhances
their secretory phenotype, including the release of EVs enriched with pro-aging signals"*'*. Cardiac
fibroblast-derived EVs contribute to age-related myocardial remodeling and hypertrophy by stimulating
angiotensin II production in cardiomyocytes'. Conversely, cardiomyocyte-derived EVs influence fibroblast
activity in a cargo-dependent manner: EVs enriched in miR-208 promote fibroblast activation and fibrosis,
whereas EVs containing Hsp20 exert anti-fibrotic and pro-angiogenic effects'.

Macrophages in the aging heart also participate in EV-mediated signaling. Macrophage-derived EVs
carrying miR-155 propagate inflammation and accelerate cardiac aging. During MI, these EVs transfer
miR-155 to cardiac fibroblasts, fostering a pro-inflammatory milieu and contributing to maladaptive
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remodeling. Similarly, EVs enriched in miR-21 promote profibrotic signaling in fibroblasts, further
driving extracellular matrix remodeling and impairing cardiac function"”.

Systemic therapies can modulate this process. Notably, macrophages pre-treated with PD-1 inhibitors
release EVs that promote cardiomyocyte senescence by delivering miR-34a-5p, which suppresses
phosphatase 1 nuclear targeting subunit (PNUTS) - a gene essential for DNA integrity and cell cycle
regulation™. Loss of PNUTS leads to Go/G1 cell cycle arrest and accelerated cellular aging. In contrast, EVs
from untreated macrophages did not display measurable pro-aging effects, underscoring the
context-dependent, stimulus-specific nature of EV cargo"™.

Beyond cardiomyocytes, fibroblasts, and macrophages, endothelial cells also play a significant role in cardiac
aging. Experimental data show that vascular relaxation responses to acetylcholine are markedly reduced in
old mice, indicating impaired endothelial function'*”. Remarkably, this age-related endothelial dysfunction
was almost completely reversed by EV treatment, restoring acetylcholine-mediated vasodilation. In contrast,
endothelium-independent vasodilation to sodium nitroprusside (a nitric oxide donor) remained unaffected
by aging or EVs, suggesting that vascular smooth muscle responsiveness to nitric oxide is preserved'®.

Molecular mechanisms of aging associated with extracellular vesicles

The aged cardiac microenvironment is characterized by elevated levels of pro-inflammatory cytokines such
as IL-6 and IL-8, which are hallmark components of the senescence-associated secretory phenotype
(SASP)". Multiple aging-related stressors-including chemotherapy"’, oxidative stress”, oncogene
activation'®, and replicative exhaustion®?-increase EV production. These vesicles constitute a critical
element of the SASP, enabling the paracrine propagation of senescence.

Evidence from non-cardiac contexts further supports this concept. In osteoarthritis, Jeon et al.
demonstrated that EVs derived from aged chondrocytes can induce paracrine senescence in healthy
chondrocytes, thereby inhibiting cartilage formation'*. Similarly, proteomic profiling of EV's released by
triple-negative breast cancer cells undergoing therapy-induced senescence revealed alterations associated
with cell proliferation, Adenosine Triphosphate (ATP) depletion, apoptosis, and SASP activity®. In
primary sclerosing cholangitis (PSC), aged human biliary epithelial cells secrete higher levels of EVs
compared with normal cells, and murine PSC models likewise show elevated plasma EV levels'*”.,

Within the heart, EVs actively regulate signaling pathways that control remodeling, survival, and
regeneration. For instance, the mitogenic factor HIMF (hypoxia-induced mitogenic factor) stimulates IL-6
expression in fibroblast-cardiomyocyte communication, contributing to inflammatory remodeling. Wnt
signaling also plays a dual role in post-infarction repair: global Wnt inhibition enhances cardiac
regeneration, whereas cardiomyocyte-specific inhibition produces the opposite effect, emphasizing the
context-dependent nature of this pathway".

At the molecular level, EVs deliver non-coding RNAs that modulate key intracellular responses. One
example is long non-coding RNAs (IncRNA) urothelial carcinoma associated 1 (UCA1), enriched in EV's
secreted by hypoxia-preconditioned bone marrow-derived MSCs. UCA1 functions as a molecular sponge
for miR-873-5p, leading to upregulation of XIAP (X-linked inhibitor of apoptosis protein) and subsequent
activation of activated protein kinase signaling (AMPK) signaling in cardiomyocytes, thereby promoting
cell survival under stress">'*.
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Aging cardiomyocytes also exhibit metabolic dysregulation, including elevated acetyl-coenzyme A
(acetyl-CoA) levels and reduced concentrations of anserine and long-chain acylcarnitines'®. Treatment
with small EVs (sEVs) derived from adipose-derived stem cells (ADSCs) has been shown to restore a more
youthful metabolic phenotype. This effect is mediated, at least in part, by the let-7 family of miRNAs carried

[12]

within sEVs, which regulate the PI3K/Akt/insulin signaling pathway

Beyond metabolic reprogramming, ADSC-sEVs have demonstrated broader anti-aging effects in murine
models, including improved cardiac function, reduced myocardial fibrosis, attenuation of oxidative and
DNA damage, suppression of pro-inflammatory signaling, and increased expression of developmental and
regenerative markers. Collectively, these findings underscore the potential of ADSC-sEVs as a cell-free

therapeutic strategy to counteract age-related cardiac remodeling and enhance myocardial resilience!.

EVs as rejuvenation tools
Cardiovascular aging is characterized by progressive degenerative changes, many of which may be delayed
or even partially reversed through the application of EVs as rejuvenation agents.

Chen et al. demonstrated that IncRNA nuclear paraspeckle assembly transcript 1 (NEAT1), enriched in
exosomes secreted by human ADSCs stimulated with migration inhibitory factor (MIF), protects
cardiomyocytes against H,0,-induced apoptosis'®. Dual-luciferase reporter assays confirmed that these
MIF-induced ADSC-derived exosomes alleviate oxidative stress by modulating the miR-142-3p/forkhead
box protein O1 (FOXO1) signaling axis, thereby exerting cardioprotective effects'”. Similarly, Zhuang et al.
showed that systemic administration of MIF-treated MSC-derived exosomes, also enriched in NEAT1,
reversed doxorubicin-induced cardiac aging in mice and significantly improved cardiac function”.

The rejuvenating properties of EV's are further supported by preclinical models of myocardial injury. In a
murine MI model, exosomes derived from embryonic stem cells (ESCs) promoted the survival and
proliferation of CPCs via delivery of miR-294. Likewise, intramuscular injection of cardiosphere-derived cell
(CDC) exosomes reduced both acute and chronic myocardial injury in porcine models, minimized infarct

size, attenuated scar formation, and reversed adverse cardiac remodeling"”'.

Additional evidence comes from studies by Ma et al., who reported that exosomes derived from mouse
bone marrow-derived stem cells deliver miR-132, which promotes tube formation in HUVECs in vitro and
stimulates angiogenesis in ischemic myocardium in vivo"".

Together, these findings highlight the regenerative and rejuvenating potential of EV's in restoring cardiac
function, not only by counteracting age-related decline but also by repairing ischemic damage.

CLINICAL TRANSLATION AND ONGOING TRIALS

Despite compelling preclinical data supporting the therapeutic potential of EVs in MI, their clinical
translation remains in its early stages. Numerous scientific, technological, and regulatory hurdles must be
overcome before EV-based therapies can be widely implemented in cardiovascular medicine.

Challenges to clinical translation

Major limitations include the lack of standardized protocols for EV isolation and characterization,
variations in cargo composition depending on cell source and culture conditions, and the absence of
consensus on optimal dosage and delivery routes. Issues such as long-term storage stability and the ability to
manufacture EVs at scale under Good Manufacturing Practice (GMP) conditions also remain unresolved.
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Importantly, little is known about the biodistribution, half-life, and clearance kinetics of exogenously

administered EVs in humans'.

Compared to traditional cell-based therapies, EVs offer several advantages. They are non-replicating, carry
minimal immunogenic risk, and have not been shown to induce tumorigenesis in preclinical cardiac
studies, although long-term safety data are still needed. Their lipid bilayer preserves protein and nucleic acid
cargo in circulation and enables passive or engineered targeting. These features make EVs attractive

[15,72]

candidates for cell-free regenerative therapy in cardiology"*"*.

Early clinical trials and initial results

Although limited in number, early-phase clinical trials have begun to demonstrate the feasibility, safety, and
potential clinical relevance of EV-based approaches in cardiovascular settings. These studies can be divided
into biomarker-focused trials and interventional trials involving EV or EV-enriched products:

A. Biomarker and Mechanistic Studies (No EV Administration)
+ NCT02931045 - AFFECT-EV study

This study evaluated the effect of dual antiplatelet therapy (ticagrelor vs. clopidogrel) on circulating levels of
procoagulant EVs in patients with ST-segment (ST)-elevation MI. Results indicated that ticagrelor
significantly reduced the release of platelet-derived EVs, suggesting an additional antithrombotic effect
beyond platelet inhibition".

B. Interventional Studies (EV or EV-Enriched Product Administration)

+ NCT04327635 - Safety Evaluation of Intracoronary Infusion of Extracellular Vesicles in Patients Following
Coronary Stent Implantation (Phase I):

This trial investigated the feasibility and safety of intracoronary infusion of allogeneic platelet-derived
extracellular particles (PEPs), not MSC-EVs, immediately after percutaneous coronary intervention (PCI) in
MI patients. Preliminary results: safe, well-tolerated, no serious cardiovascular adverse events in early

follow-up'™.

« NCT05774509 - SECRET-HF Study (Phase I):

Interventional trial delivering EV-enriched secretome from cardiovascular progenitor cells intravenously in
patients with drug-refractory left ventricular dysfunction due to non-ischemic dilated cardiomyopathy. Still
recruiting; early case reports indicate safety and possible symptomatic benefit”'.

These trials are crucial for bridging the gap between preclinical promise and clinical reality. They
demonstrate the possibility of producing clinical-grade EVs and administering them safely in human
subjects, thereby paving the way for more efficacy-focused studies. Given that the majority of patients
affected by MI are older adults, the clinical relevance of EV-based therapies must also be considered in the
context of age-related cardiac remodeling. Aging hearts exhibit increased fibrosis, chronic low-grade
inflammation, and reduced angiogenic capacity, all of which may influence EV uptake, biodistribution, and
therapeutic efficacy. To date, no cardiovascular EV trials have reported outcomes stratified by patient age or
biological markers of aging, representing an important gap in clinical translation.
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In Table 3, we present selected clinical trials that aim to evaluate the therapeutic application of EVs in
cardiovascular disease. Most cardiovascular EV trials are phase I, focus on safety, and lack standardized
efficacy endpoints. We are awaiting final results, which may prove as promising as those from other
EV-based therapies, such as the EXIT-COVID19 study (NCT04493242). That trial assessed the safety and
efficacy of intravenous infusion of bone marrow-derived EVs (ExoFlo) compared to placebo in patients
with moderate-to-severe acute respiratory distress syndrome (ARDS) due to coronavirus disease 2019
(COVID-19)". Although the reduction in 60-day mortality with ExoFlo was not statistically significant
(P = 0.1343), the results showed a trend toward clinical benefit".

Toward next-generation EV therapies
Current efforts are focused on enhancing the therapeutic precision and potency of EVs through strategies
such as:

« Surface functionalization with cardiac-targeting ligands;
» Hypoxic preconditioning of donor cells to optimize cargo;

« Direct engineering of EV cargo [e.g., Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)/CRISPR-associated protein 9 (Cas9) components, cardioprotective miRNAs]""7;

» Development of biomaterial carriers and synthetic EV mimetics for scalable manufacturing.

Although still in the early stages of translational readiness for MI, EV-based therapies remain a promising,
safe, and versatile platform for cardiac regeneration.

CHALLENGES AND FUTURE PERSPECTIVES

Despite a growing body of preclinical and early clinical evidence demonstrating the cardioprotective
potential of EVs, several key obstacles remain before these therapies can be broadly implemented in clinical
practice. These challenges span biological variability, technological limitations, and translational gaps.

Standardization and characterization

One of the most significant hurdles in EV research is the lack of standardized methods for isolation,
purification, and characterization. Common techniques such as SEC, polymer-based precipitation,
differential ultracentrifugation, and microfluidic platforms yield EV subpopulations with varying purity,
recovery rates, and bioactivity”. This variability complicates the interpretation and reproducibility of
results.

Although the ISEV’s minimal information for studies of extracellular vesicles 2018 (MISEV2018) guidelines
provide clear recommendations, discrepancies persist in naming and classifying EV's - particularly when
attempting to distinguish exosomes from microvesicles based solely on size or surface markers'*. These
ambiguities present challenges not only for experimental reproducibility but also for regulatory approval,
where product identity and consistency are critical.

Scalability and manufacturing

Large-scale EV production remains another major limitation. Current isolation methods are
labor-intensive, yield relatively low amounts of vesicles, and are difficult to scale for clinical use. Proposed
solutions include tangential flow filtration systems and bioreactor-based cell cultures, which may enhance
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Table 3. Selected clinical trials evaluating EV-based therapies

Number Category Phase Study status Population/Intervention Key Finding(s)
NCT02931045 Biomarker % Completed STEMI; ticagrelor vs clopidogrel effect on  Ticagrelor | platelet-derived EVs
EVs
NCT04327635 Interventional | Active, not STEMI; intracoronary allogeneic PEPs Safe; no early serious CV events
recruiting post-PCl
NCTO05774509 Interventional | Recruiting Non-ischemic DCM; IV EV-enriched Safe; case reports suggest functional
secretome improvement

EVs: Extracellular vesicles; PEPs: platelet-derived extracellular particles; PCI: percutaneous coronary intervention; STEMI: ST-elevation myocardial
infarction; DCM: dilated cardiomyopathy.

68]

EV yield and purity!

However, GMP-grade EV production still requires further technological development. Storage and
long-term stability of EV's are also unresolved. Conventional freezing-thawing or lyophilization can disrupt
membrane integrity and alter vesicle charge profiles, necessitating the development of robust formulation
and stabilization techniques for clinical applications'®*"),

Cargo heterogeneity and functional variability

EVs closely reflect the phenotype and physiological status of their parent cells, which introduces substantial
variability in their cargo. This content - including miRNAs, non-coding RNAs, proteins, and lipids - is
strongly influenced by the cell type (e.g., CDCs, MSCs, iPSCs), culture conditions (e.g., hypoxia, serum-free

82,83]

media), and environmental stimuli!

Such biological variability complicates the development of a standardized therapeutic product. Even minor
changes in production protocols can markedly affect EV bioactivity and potency. Unlike monoclonal
antibodies or small-molecule drugs, EVs are complex, heterogeneous biological entities with only partially
defined mechanisms of action. Therefore, regulatory frameworks must incorporate rigorous
pharmacodynamic and pharmacokinetic profiling to ensure product consistency and safety.

Another underexplored translational challenge is the lack of age-stratified analyses in both preclinical and
clinical studies. Age-associated changes in the cardiac microenvironment - including altered extracellular
matrix composition, SASP signaling, and reduced regenerative cell populations - may modulate the
therapeutic response to EVs. Addressing this requires preclinical designs that model aging and clinical trials
that incorporate age as a key variable in patient selection and outcome interpretation.

Targeted delivery to ischemic myocardium

A major translational challenge is the limited targeting efficiency of EVs after systemic administration. A
large proportion of intravenously injected EV's are rapidly sequestered by the reticuloendothelial system
(RES), primarily in the liver, spleen, and lungs'*".

Several strategies are under investigation to improve cardiac-specific delivery:
« Surface modification with cardiac-homing peptides [e.g., CSTSMLKAC (a polypeptide with the sequence

Cys-Ser-Thr-Ser-Met-Leu-Lys-Ala-Cys)] that bind ischemia-induced molecules on cardiomyocytes or
endothelial cells®".
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+ Magnetic targeting, in which EVs are loaded with superparamagnetic nanoparticles and guided to the

heart using external magnetic fields™'.

» Bioinspired systems, such as hybrid vesicles coated with cell membranes or platelet-derived proteins to
enhance retention within injured cardiac tissue'®.

Although still at the experimental stage, these approaches have the potential to substantially improve the
therapeutic index of EV-based therapies.

Contextualizing EV therapy in Ml pathophysiology

The pathophysiology of MI is multifactorial, encompassing acute ischemia, inflammation, oxidative stress,
and progressive fibrotic remodeling. Effective post-infarction therapy is challenged by rapid cellular
turnover, limited intrinsic regenerative capacity, and narrow therapeutic windows for intervention.

EVs provide a uniquely multifaceted therapeutic approach capable of modulating inflammation, apoptosis,
angiogenesis, and fibrosis simultaneously. To fully realize these benefits, delivery must be carefully timed to
align with the evolving pathophysiological stages of MI, and targeting strategies should be optimized to
enhance homing and retention within the ischemic myocardium.

Advantages, disadvantages and limitations of EV-based therapies

EVs possess several desirable characteristics that make them attractive candidates for regenerative medicine.
They circulate stably in vivo while protecting their molecular cargo, can cross biological barriers, and display
low immunogenicity with a favorable safety profile regarding oncogenic risk"*””?. In addition, EV's
are highly amenable to bioengineering, enabling the loading of therapeutic cargos such as mRNAs or
CRISPR-based constructs"**. Their multifunctional biological effects - including anti-apoptotic,

pro-angiogenic, and immunomodulatory activities - further enhance their therapeutic potential'>*®**2>*!,

Despite these advantages, several challenges limit the clinical translation of EV-based therapies. EV cargo is
heterogeneous and varies considerably depending on the source cell type and culture conditions'*™*. After
systemic administration, EVs exhibit low targeting efficiency toward infarcted myocardium and are rapidly
cleared by the RES, particularly the liver and spleen"*">***!|. Storage and stability also remain problematic, as

repeated freeze-thaw cycles or lyophilization can compromise vesicle integrity™*'..

Key limitations include the absence of standardized protocols for EV isolation and quantification, as well as
the lack of universally accepted markers for EV subtype identification”*””. Large-scale production suitable
for clinical application remains technically challenging, and pharmacokinetic and pharmacodynamic
properties are still poorly defined***l. Importantly, EVs also demonstrate limited homing and retention
within infarcted myocardium following systemic administration, which significantly constrains therapeutic
efficacy>*.

Future directions and research priorities

Despite substantial preclinical and emerging clinical evidence for the regenerative potential of EVs, several
challenges must be addressed to achieve clinical translation. Standardization of EV isolation, purification,
and characterization protocols is essential to ensure reproducibility and comparability across studies. The
inherent heterogeneity of EV populations, variability in donor cell sources, and batch-to-batch differences
necessitate rigorous quality control and potency assays.
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In the setting of M1, EV's have demonstrated the capacity to reduce apoptosis, promote angiogenesis, and
modulate post-infarction remodeling in preclinical models. However, optimizing delivery routes, targeting
strategies, and dosing regimens is critical to improve myocardial retention, bioavailability, and therapeutic
index. Integration of EV's with biomaterials such as hydrogels or scaffolds may enhance localization and
sustain bioactivity at the site of injury.

Recent findings also extend the potential applications of EVs beyond acute injury to encompass cardiac
aging and age-associated remodeling. Future investigations should therefore integrate the biology of aging
into EV therapy development. Key priorities include identifying EV cargos that specifically target
aging-related pathways - such as SASP modulation, telomere stabilization, and mitochondrial bioenergetics
- and testing their efficacy in aged animal models and older patient populations. Incorporating biomarkers
of biological age into clinical trial design could further enable precision delivery of EV-based therapies to
those most likely to benefit.

Such approaches are particularly relevant given that aging hearts are characterized by chronic inflammation,
oxidative stress, and cellular senescence, all of which compromise regenerative capacity and drive
progressive dysfunction. Preclinical studies indicate that EVs derived from stem or progenitor cells can
restore metabolic homeostasis, reduce fibrosis, suppress pro-senescent signaling, and reverse certain
features of cardiac aging"®”. A crucial next step will be to perform age-stratified evaluations of EV efficacy,
considering both donor age and recipient biological age. Identifying cargos specifically linked to
rejuvenation - such as IncRNAs, miRNAs (e.g., let-7, miR-132), and anti-apoptotic proteins (e.g., Hsp20) -
will help to develop tailored interventions. Moreover, engineering EV mimetics, targeted delivery systems,
and hybrid platforms may further enhance regenerative outcomes in aged and diseased hearts.

In summary, EV-based therapies remain at the forefront of innovation in both ischemic and aging-related
cardiac regeneration. Bridging the gap between mechanistic understanding and clinical application will
require interdisciplinary collaboration, regulatory alignment, and well-designed clinical trials with robust,
age-relevant endpoints. Emerging computational approaches such as machine learning and artificial
intelligence may further accelerate the development of EV-based therapeutics. Algorithms trained on
multi-omics datasets can predict EV potency, classify therapeutic subtypes, and stratify patient subgroups
most likely to benefit. These tools may also guide donor cell selection, optimize cargo loading, and identify
biomarkers of efficacy and safety™®*). Such applications are particularly relevant in elderly patients, whose
biological heterogeneity complicates therapeutic responses, and may ultimately enable the development of
truly personalized EV-based therapies.

Final conclusions

EV-based therapies represent a promising frontier for both ischemic and aging-related cardiac regeneration.
Evidence from diverse preclinical models demonstrates that EVs reduce apoptosis, enhance angiogenesis,
modulate inflammation, and limit fibrosis. In aged hearts, they additionally restore metabolic balance,
suppress pro-senescent signaling, and reverse structural deterioration.

Despite these encouraging results, translation into clinical practice is still limited by variability in EV
production, incomplete pharmacokinetic and biodistribution data, suboptimal targeting efficiency, and the
lack of standardized potency assays. Current safety profiles appear favorable in both cardiovascular and
non-cardiovascular trials, yet long-term monitoring remains essential.
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Closing the gap between mechanistic insights and tangible patient benefit will require rigorous
standardization, innovative delivery platforms, age-stratified clinical evaluations, and integration with
advanced biomaterials. Ultimately, progress will depend on close interdisciplinary collaboration-bringing
together cardiology, molecular biology, materials science, and regulatory science-to enable the safe and
effective transition of EV-based cardiac therapies from bench to bedside. EV-based interventions represent
the convergence of regenerative and anti-aging cardiology, yet successful translation will depend on

age-specific biological insights and scalable engineering solutions.
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