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Abstract
Purpose of Review  The rising global prevalence of cardiovascular disease is driving the need for innovative biotherapeutics. 
Recently, exosomes-extracellular vesicles involved in paracrine signaling have shown promise in aiding heart repair asso-
ciated with cardiovascular conditions. Their therapeutic potential encompasses several beneficial mechanisms, including 
anti-fibrosis, anti-inflammation, pro-angiogenesis, anti-oxidation, and anti-apoptosis, all contributing to improved cardiac 
function. This review provides a comprehensive overview of exosomes and highlights the latest research on their effective-
ness in addressing current challenges in regenerative cardiac medicine.
Recent Findings  Current approaches revolve around elucidating and enhancing how different cell types, cargo, and delivery 
methods impact healing in a pathological cardiovascular environment.
Summary  The emerging field of therapeutic exosome research is promising for cardiac regeneration due to the beneficial 
effects of exosomal cargo. The expansion of mechanistic knowledge and the optimization of techniques are required before 
standard clinical application.
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Introduction

Cardiovascular disease (CVD) is the leading cause of death 
globally, affecting over 620,000,000 people [1–3]. In 2021, 
20,500,000 deaths resulted from CVD, 9,440,000 of those 
attributed to ischemic heart disease (IHD) [3]. IHD is char-
acterized by arterial plaque buildup, which reduces blood 
flow to the heart due to the narrowing of the arteries. Insuf-
ficient blood flow starves the muscle tissue of oxygen. The 
decrease in blood and oxygen leads to myocardial infarction 
(MI) and subsequent necrosis, or cell death. Fibrosis is when 
the dead cells are replaced with scar tissue, contributing to 
left ventricular remodeling [4]. Heart failure advances, as 
fibrotic tissue is inefficient at muscle contraction. With the 
rising trend of CVD, the necessity of developing novel, 

efficient cardiac repair methods become increasingly 
imperative to decrease the serious burden CVD poses for 
the healthcare system globally.

Stem Cell Treatment Inadequacy

The use of stem cells is a therapeutic approach to cardiac 
repair that supports tissue regeneration via differentiation 
into the desired cell type. The most extensively studied 
stem cell varieties are mesenchymal stem cells (MSCs) 
and induced pluripotent stem cell-derived cardiomyocytes 
(iPSC-CMs), with MSCs exhibiting paracrine effects and 
immune privilege [5] and iPSC-CMs augment the pre-exist-
ing cardiomyocytes through electrical coupling [6] leading 
to improved cardiac function post-myocardial infarction. 
Even though stem cell therapy offers improvement to coun-
teract the effects of cardiovascular disease, it still presents 
certain drawbacks. Homing, which refers to successful cell 
delivery and engraftment to the target area, is shown to be 
weak in stem cells. The cells are at risk of veering off-course 
to an undesired organ, or for dying post-injection. There is 
a documented low cell survival percentage in the hostile 
injured heart microenvironment. Factors contributing to the 
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harsh ischemic environment include the production of reac-
tive oxygen species (ROS), hyperinflammatory responses 
triggered by proinflammatory cytokines, and apoptosis from 
oxygen starvation [6]. To counteract the low survival rate, 
the patient would require multiple doses. This accumulates 
risk when delivered intramyocardially or intracoronary due 
to the invasive nature of these injections [7].

Immune rejection is a risk associated with allogeneic 
stem cell transplantation, because of major histocompat-
ibility complex (MHC) antigen incompatibility between 
the patient and donor cells [8]. The solution to MHC mis-
pairing is the use of immunosuppressants, which also puts 
the patient in danger of opportunistic fatal infections. Stem 
cells are easily induced to differentiate and expand in vitro; 
however, they are vulnerable to senescence [9], which is the 
permanent aged phenotype that prevents future cell division 
and growth. This is an issue for the clinical application of 
stem cell-based therapies, which requires a significant num-
ber of cells, typically between 1 × 10^8 and 1 × 10^9 [10], 
for the highest efficacy and to counteract the low implanted 
cell survival rate. Teratoma formation is a safety concern 
attributed to iPSCs [8]. The formation can be due to residual 
undifferentiated pluripotent cells with tumorigenic genetic 
mutations that would not come to fruition until post-trans-
plantation. Avoiding this side effect would require terminal 
differentiation of iPSCs, careful monitoring and specific 
tumor-targeting drugs [10]. Despite the self-renewable capa-
bilities of stem cells and the decades of work dedicated to 
the exploration of their efficacy, exosomes have been shown 
to have advantages over their stem cell predecessors, bypass-
ing many of the challenges impeding stem cell therapy. The 
cell-free approach of exosomes has the potential to become 
the preferred method of therapy in post-MI treatment, focus-
ing on signal delivery rather than cell delivery.

Exosome Treatment

Exosomes are influential in intercellular signaling, released 
by all cell types in health and sickness. These nano-sized 
particles, 30–150 nm in size [11], were once believed to 
be the mechanism by which cells shed their unwanted con-
tents[12]. Since their discovery in the 1980s, their pivotal 
role in cellular communication continues to be elucidated. 
They are an attractive candidate for therapeutics for many 
reasons, including their low immunogenic properties, high 
biocompatibility in patients, and stability attributed to the 
lipid bilayer encapsulating the cargo [13]. Due to their ina-
bility to self-replicate, exosome therapy does not have the 
side effect of potential teratoma formation, as seen in stem 
cell therapy [14] Their cargo can also be bioengineered for 
increased specificity, efficacy, and even drug delivery [15].

Exosome Cargo

Exosomes contain thousands of bioactive molecules, such 
as proteins, lipids, and nucleic acids, notably DNA and 
regulatory RNAs such as messenger RNA (mRNA), small 
non-coding RNA (sncRNA), and microRNA (miRNA) [16]. 
These are all protected within the confines of their phospho-
lipid lipid bilayer, which also express different types of cell 
surface proteins [17]. They reflect the contents and physio-
logical state of their parent cell at the time of excretion, also 
making them helpful biomarkers in assessing disease [18].

Exosome Biogenesis and Expulsion

The formation of exosomes begins with the inward mem-
brane budding and early endosome formation. In this step, 
membrane proteins and pieces of cytosol become internal-
ized and taken up by early endosomes. In the endosomal 
compartment, intraluminal vesicles (ILVs) are generated 
again by inward membrane budding of the endosomal 
membrane, in this instance [18]. ILVs serve the purpose of 
encapsulating bioactive cargo, and their formation marks 
the maturation of the early endosome into a multivesicular 
body (MVB). From this stage, MVBs either fuse with lys-
osomes or the cellular plasma membrane. Lysosome-fused 
MVBs are degraded, whereas plasma membrane-fused 
MVBs release their ILVs as exosomes into the extracel-
lular space [19, 20]. The latter method requires regulation 
by Rab GTPases and SNARE complexes, which contribute 
to specificity. Rab proteins are a specific type of GTPase, 
which act as molecular switches between states with bound 
GTP (guanosine triphosphate), the active state, and bound 
GDP (guanosine diphosphate), the inactive state. MVBs are 
brought to the plasma membrane, and activated Rab proteins 
are involved in docking, trafficking, and SNARE complex 
activation and recruitment. Active and assembled SNARE 
complexes work to fuse the two membranes and allow for 
exocytosis [18, 21]. Once secreted, exosomes are free to 
transmit signals by binding to receptors on nearby cells for 
uptake.

Exosome Uptake

Arrival, docking, and internalization of the shipment of 
exosome cargo to the recipient port are first determined by 
interactions between exosome surface ligands and target cell 
receptors. Membrane proteins on the exosomes, such as tet-
raspanins, integrins, and major histocompatibility complex 
(MHC) molecules, bind to receptors of recipient cells and 
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aid trafficking and homing to specific organs. Tetraspanin 
ligands like CD63, CD81, CD82, and CD9 help characterize 
exosomes and are involved in cell recognition and binding. 
Integrins promote homing target specificity and adhesion 
[22]. MHCs specifically bind and activate T cell receptors 
(TCRs), influencing immune regulation and communication. 
Exosome contents are incorporated into recipient cells by 
either membrane fusion or endocytosis [19]. The membrane 
of the exosome can fuse with the cellular plasma membrane, 
leading to cargo release into the cytosol. Natural endocytic 
mechanisms, including exosome membrane fusion with the 
endosome membrane and evasion of degradation via lyso-
some, also facilitate the process of bringing exosome con-
tents into the recipient cell’s cytosol.

Sources of Exosomes

A plethora of source options for exosome isolation 
exist since all known cell types produce these vesicles. 
Exosomes isolated from stem cells are a popular choice, 

but so are macrophages, human serum, and various types 
of cardiac cells (Fig. 1). The preferred source of stem-cell-
derived exosomes is mesenchymal stromal cells (MSC) 
that come from bone marrow [23, 24], human umbilical 
cord [25], or neonatal [26]. Stem cells could also come 
from human induced pluripotent stem cells (hiPSC) 
[27], lung spheroid cells [28], adipose stem cells [29], 
and trophoblasts [30]. Trophoblast-derived exosomes 
loaded into a controlled-release injectable hyaluronic acid 
hydrogel were utilized in MI treatment for mice, showing 
improvement in cardiac function and recovery as char-
acterized by the induction of anti-fibrotic, angiogenic, 
anti-remodeling and anti-inflammatory effects [30]. M2 
macrophages are also a source of exosome therapeutic con-
tenders [31]. Exosomes with pro-inflammatory M1 mac-
rophage parent cells were shown to inhibit cardiomyocyte 
proliferation [32], whereas anti-inflammatory M2-derived 
exosomes encouraged proliferation [33]. The exosomes 
from several kinds of cardiac cells have been used in car-
diovascular therapy, including cardiomyocytes, cardiac 
fibroblasts [34], endothelial cells, cardiosphere-derived 

Fig. 1   Exosomes for cardiac repair and function. Exosomes isolated 
from different sources carry and deliver miRNAs and other biomol-
ecules to the damaged heart tissue, consequently promoting cardio-

protective effects. Created in BioRender. Gonzalez, C. (2025) https://​
BioRe​nder.​com/​b81x3​38

https://BioRender.com/b81x338
https://BioRender.com/b81x338


	 Current Cardiology Reports           (2025) 27:73    73   Page 4 of 9

cells (CDC) [35], cardiac progenitor cells (CPC) [36] and 
hiPSC-derived induced cardiomyocytes [27].

Mechanism

Exosomes are involved in cardio-protection in cardiovascular 
disease (CVD), promoting cardiac repair and regeneration stim-
ulated by their intercellular messaging capabilities [35]. They 
act as a package delivery system to the damaged area, bringing 
molecules that signal activation of angiogenesis, cardiomyocyte 
survival and proliferation, anti-inflammation, and anti-fibrosis. 
The​summary of available studies is listed in Table 1.

Exosomes and Angiogenesis

Angiogenesis is essential to cardiovascular therapy to restore 
blood flow to hearts impacted by ischemia using pre-exist-
ing vasculature to generate new blood vessels [37, 38]. This 

brings about renewed access to nutrients and oxygen car-
ried in the blood. Promotion of angiogenesis can be attrib-
uted to multiple microRNAs including mi-R31, miR-126, 
miR-130a, miR-132 [29], miR-126 [39], miR-132-3p, miR-
221-3p, and miR-222-3p [33]. Adipose-derived stem cell 
(ADSC) exosomes were loaded onto an oxygen-releasing 
nanofibrous bi-layered cardiac patch, which allowed for 
a sustained release of oxygen and exosomes. The output 
showed an increase in angiogenesis and cell survival with 
a decrease in oxidative stress caused by oxygen deficiency 
post-MI. In this study by Shiekh et al., showed that, miR-
NAs miR-31, miR-126, miR-130a and miR-132 contained in 
ADSC exosomes enhanced the expression of multiple pro-
angiogenic growth factors including vascular endothelial, 
epidermal, and fibroblast [29] Shafei et al. demonstrated the 
regenerative effectiveness of ADSC exosomes loaded with 
miR-126 and miR-146a. MiR-126 promotes angiogenesis by 
enhancing PI3K/Akt signaling [39]. Proangiogenic effects 
of miR-132-3p in M2 macrophage-derived exosomes were 
explored by Guo et al. [33]. They demonstrated miR-132-3p, 

Table 1   List of exosome sources, cargo, and targets of the exosomes in the regulation of cardiac repair

Effect Exosome Source Related Exosomal Cargo Mechanism Reference

Pro-angiogenic Adipose-derived mesenchymal stem cell 
(ADSC)

miRNA-31
miRNA-126
miRNA-130a
miRNA-132

Enhance expression of VEGF, EGF, FGF [29]

ADSC miRNA-126 Increase PI3K/Akt signaling [39]
M2 macrophage miRNA-132-3p Downregulate THBS1 mRNA expression [33]
ADSC miRNA-205 Increase HIF-1 and VEGF expression

Promote endothelial cell proliferation
[40]

Anti-apoptotic Bone marrow mesenchymal stem cell 
(BM-MSC)

miRNA-let-7i-5p Upregulate Bcl-2 protein expression
Downregulate Bax protein expression

[42]

Cardiac fibroblast miR-133a Downregulate ELAVL1 protein expres-
sion

[34]

Mesenchymal stem cell (MSC) miR-19a Inhibit PTEN
Activate Akt and ERK pathways

[41]

MSC miR-210 Decrease ROS production
Stimulate PI3K/Akt pathway

[41]

Human endometrial MSC EGF Activate PI3K/Akt pathway [44]
MSC miR-21-5p Repress YAP1

Inhibit Hippo pathway
[45]

BM-MSC miR-302 Inhibit Hippo pathway [46]
Anti-inflammatory ADSC miR-146a Inhibit TRAF-6 and IRAK-1

Decrease neutrophil recruitment
[39]

MSC miR-125a-5p Inhibit TRAF6/IRF5 pathway
Increase M2 macrophage polarization
Decrease M1 macrophage polarization

[49]

Anti-fibrotic Human umbilical cord MSC miR-29b Downregulate Col-I/III and MMP-2/9 
mRNA

[53]

MSC miR-1180-3p Inhibit ETS1 signaling [54]
Human serum miR-664a-3p Inhibit TGF-β/SMAD4 signaling pathway [55]
BM-MSC curcumin Inhibit TGF-β/SMAD2/3 signaling 

pathway
[56]
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transported to endothelial cells after MI, downregulated 
THBS1 mRNA expression, encouraging angiogenesis [33]. 
Experiments by Wang et al. described the promotion of angi-
ogenesis by miR-205 in ADSC exosomes after intravenous 
injection. Their results showed the promotion of endothelial 
cell proliferation and increased HIF-1 and VEGF expression 
[40].

Exosomes and Apoptosis/Cardioprotection

Cells in a hypoxic environment, like the ischemic myocar-
dium, will overproduce reactive oxygen species (ROS) that 
create conditions of oxidative stress when not neutralized 
by antioxidants [41]. In oxidative stress, cellular damage 
and apoptosis are prone to occur, worsening the vulnerable 
heart and emphasizing the importance of controlling ROS 
presence, homeostasis, and cardiomyocyte protection via 
antioxidation. Bone marrow mesenchymal stem cell (BM-
MSC) exosomes expressing miRNA-let-7i-5p, injected into 
three points immediately following surgical induction of 
myocardial infarction, protected against cardiomyocyte 
apoptosis by protein regulation, specifically upregulating 
Bcl-2 and downregulating Bax protein expression [42]. A 
study performed by Liu et al. showed cardiac fibroblast-
derived exosomes in hypoxic conditions expressed higher 
levels of miR-133a, which, when delivered to cardiomyo-
cytes repressed inflammation-induced pyroptosis by target-
ing ELAVL1, a pro-inflammatory RNA binding protein, 
for downregulation [34]. Liu et al. presented the roles of 
MSC-derived exosomal miR-19a and miR-210 in apop-
tosis inhibition after myocardial infarction [34]. MiR-19a 
injected into the post-MI myocardium reduces damage to 
the heart by inhibiting target proteins, like phosphatase 
and tensin homolog (PTEN), and activating the Akt and 
ERK pathways [43]. MiR-210 is upregulated by transcrip-
tion factor HIF-1 in hypoxic conditions to decrease ROS 
production and stimulate the PI3K/Akt pathway [41]. 
Exosomes derived from human endometrial MSCs loaded 
into a conductive hydrogel made from poly-pyrrole-chitosan 
exhibited properties of anti-apoptosis. Yan et al. conveyed 
that these exosomes contain EGF (epidermal growth fac-
tor) proteins that activate the PI3K/Akt pathway [44]. 
MSC exosomes containing miR-21-5p have been shown to 
play a role in cardiomyocyte protection by inhibition of 
the transcriptional coactivator of the apoptosis-associated 
Hippo pathway, YAP1 (Yes-associated protein 1) [45]. Gu 
et al. programmed exosomes from bone mesenchymal stem 
cells to possess a cardiomyocyte specific peptide for tar-
get accuracy and loaded the exosomes with miR-302. This 
microRNA is known to support cardiomyocyte survival and 
proliferation, also by inhibiting the Hippo pathway [46].

Exosomes and Inflammation

Inflammation is the body’s natural first response to remove 
dead cells following myocardial infarction using leukocyte 
infiltration. Excessive inflammation can lead to heart failure 
when left unresolved [47]. When exosomes derived from 
BM-MSCs treated with TNF-α were injected into 5 points 
around the infarct area, they exhibited cardioprotective 
effects, reduced infarct size, and promotion of anti-inflam-
mation [23]. Wang et al. observed enhanced M2 macrophage 
polarization and an increase in the anti-inflammatory 
cytokine IL-10, in addition to suppressed M1 macrophage 
polarization and a decrease in the pro-inflammatory cytokine 
IL-1β [23]. Zhu et al. demonstrated that MSC exosomes 
injected intrapericardially resolved inflammation and aided 
in cardiac repair. This is due to the exosomes stimulating 
the Foxo3 pathway in MHC-II+ antigen-presenting cells, 
in turn supporting regulatory T cells [48]. In combination 
with pro-angiogenic miR-126, Shafei et al. examined the 
anti-inflammatory role of miR-146a, which inhibits TRAF-6 
and IRAK-1, leading to a decrease in neutrophil recruitment 
[39]. Following treatment of MSCs with Nicorandil, a car-
dioprotective drug for heart disease patients, Gong et al. 
isolated exosomes that were utilized following acute myo-
cardial infarction. They found increased M2 macrophage 
polarization, stimulated by miR-125a-5p-mediated inhibi-
tion of the TRAF6/IRF5 pathway [49].

Exosomes and Fibrosis

Cardiac fibrosis occurs after myocardial infarction, marked 
by excessive extracellular matrix and cardiac fibroblast 
proliferation[50]. The scar tissue that forms is inefficient 
at muscle contraction, presenting a need for amelioration 
of fibrosis to increase cardiac competence and reduce risk 
of complete heart failure [51]. In experiments by Kang 
et al., they determined that conjugation of human serum 
exosomes with fibroblast activation protein (FAP) and miR-
29b (this miRNA is downregulated in a post-MI environ-
ment) showed improved cardiac function and reduced fibro-
sis. These exosomes also exhibited higher target selectivity 
because of the natural FAP overexpression in injured car-
diac tissue [52]. Yuan et al. isolated exosomes from human 
umbilical cord MSCs and delivered them in a micronee-
dle patch. Cardiac fibroblasts took up these exosomes and 
upregulated expression of miR-29b, inhibiting fibrosis by 
downregulating mRNA in scar-tissue-forming proteins 
like collagen type I and III (Col-I/III) and matrix metal-
loproteinases 2 and 9 (MMP-2, MMP-9) [53]. Delivery of 
miR-1180-3p to cardiac fibroblasts plays a role in inhibit-
ing ETS1 signaling, therefore relieving fibrosis caused by 
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TGF-β−1, as shown by Li et al. [54]. Wang et al. explored 
cardiac fibrosis inhibition by miR-664a-3p in exosomes 
isolated from young (18–25 years old) male human serum 
intramyocardially injected post-MI. The results of the study 
showed inhibition of fibrosis because of the miR-664a-3p 
binding to SMAD4 RNA, inhibiting the fibrotic TGF-β/
SMAD4 signaling pathway [55]. Wang et al. evaluated the 
use of extracellular matrix hydrogel with BMSC-exosomes 
containing curcumin in fibrosis prevention. Curcumin is a 
compound found naturally in turmeric and works through 
inhibition of the TGF-β/SMAD2/3 signaling pathway [56].

Current Issues

Although exosome therapy is a promising field, there are 
still complications that prevent their widespread use in clini-
cal settings. Some of the major challenges that need to be 
addressed include targeting, retention, and standardization of 
isolation. Exosomal cargo release to cells for signaling pur-
poses is high and effective, but only if they can survive long 
enough in sufficient quantities in the desired area to confer 
therapeutic benefit. Phagocytosis by macrophages contrib-
utes to the limited exosome retention, presenting a need for 
camouflage proteins in certain exosome membranes [57]. 
Target specificity is another difficulty pertaining to injection 
and inhalation methods of exosome administration. While 
these methods may be safer, patches and hydrogels loaded 
with exosomes directly installed or injected on the heart 
provide elevated homing efficacy. Additionally, the lack of 
official standardization of exosome purification and isolation 
methods is a limitation. It is crucial for therapeutic exosome 
samples to be pure (free from other types of extracellular 
vesicles or molecules) [58]. Technique uniformity and opti-
mization should be a focus moving forward towards the goal 
of successful therapy.

Exosome Therapy

The field of exosome therapy requires successful delivery 
methods in order to provide patients with the full regenerative 
effects that exosomes have the potential to convey. Injection, 
whether intravenous or intramyocardial, was the earliest stand-
ard, but new methods are being developed today to increase 
effectiveness. Patches successfully retain the exosomes and 
allow them to affect the desired area, but they require invasive 
procedures to be implemented. There is a greater emphasis on 
minimally or non-invasive strategies such as hydrogel sprays 
or inhalable exosomes. In murine studies, common methods 
of injections are intravenous (usually through the tail vein), 
intraperitoneal, subcutaneous, or local (intramyocardial) [59]. 
To experience the full effects of treatment, multiple injections 

are typically needed because of poor retention, homing, and 
the short half-life of exosomes in organs. Cardiac patches can 
be advantageous because they allow for extended release, 
addressing the retention issue and eliminating the need for 
repeated injections. Unfortunately, their installation is typi-
cally invasive [29]. Exosomes isolated from a human umbili-
cal cord mesenchymal stem cell (HUC-MSC) source were 
loaded into a fibrin patch, mimicking an extracellular matrix 
as well as allowing for a sustained release of exosomal cargo 
once attached to the infarcted heart. Wang et al. discovered 
improved exosome retention in the heart post-MI, inhibition 
of fibrosis and improved cardiac function [25]. The non-
invasive method of inhalation for exosome delivery post-MI 
was explored by Li, et al., which they call stem cell-derived 
exosome nebulization therapy, or “SCENT”. In this study, 
exosomes were isolated from lung spheroid stem cells and 
administered through a nebulizer, resulting in improved left 
ventricular function, reduction in fibrotic tissue, and promo-
tion of cardiomyocyte proliferation, without side effects on 
other organs after treatment in mouse and swine models [28]. 
Conductive hydrogels enhance exosome retention and utiliza-
tion. In a less intrusive manner than patches, hydrogels can 
be injected onto the ischemic myocardium [60]. Recently, a 
spray made from thrombin and MSC exosomes in a fibrino-
gen solution, termed “EXOS”, was deposited in vitro through 
small incisions to mice suffering from MI. The spray formed 
a gel once on the heart, serving to preserve the stability and 
contents of the exosomes and counteract the issue of specified 
organ targeting [61]. The components of hydrogels vary, but 
the method of deposition is typically consistent. Hydrogels 
are currently the most attractive option for their properties of 
biodegradable controlled release, minimally invasive insertion 
and homing efficacy of exosomes.

Conclusions

Recently, exosomes have emerged as the future of car-
diovascular repair because of their role in paracrine 
communication, and current research shows evidence 
of successful cardiac improvement after cardiovascular 
disease-induced damage. These extracellular vesicles cir-
cumvent many obstacles presented by other methods of 
treatment, such as stem cell therapy. Exosomes are formed 
and secreted by nearly all cell types and contain many 
proteins, lipids and nucleic acids that are used for signal 
transduction. They deliver molecules to target cells that 
stimulate mechanisms promoting angiogenesis and coun-
teracting apoptosis, excessive inflammation, and fibrosis. 
Advancing the field of this cell-free approach to therapy 
is imperative for furthering the treatment of pathologi-
cal conditions of the heart, reducing the global burden of 
cardiovascular disease.



Current Cardiology Reports           (2025) 27:73 	 Page 7 of 9     73 

Key References

•	 Li J, Sun S, Zhu D, Mei X, Lyu Y, Huang K, et al. Inhal-
able Stem Cell Exosomes Promote Heart Repair after 
Myocardial Infarction. Circulation. 2024;150:710–23.

This article presents the first study on the inhala-
tion delivery of exosomes for treating heart injuries, 
showcasing their potential to enter circulation, to be 
directed by the ischemic heart, and to improve car-
diac functions in proof-of-concept studies involving 
rodents and swine.

•	 Wang W, Li Y, Zhang C, Zhou H, Li C, Cheng R, et al. 
Small Extracellular Vesicles from Young Healthy 
Human Plasma Inhibit Cardiac Fibrosis After Myocar-
dial Infarction via miR-664a-3p Targeting SMAD4. Int 
J Nanomedicine. 2025;20:557–79.

This article revealed that small extracellular vesicles 
from young, healthy human plasma can directly bind 
to the 3′-untranslated region of SMAD4 mRNA via 
miR-664a-3p, thereby inhibiting the TGF-β/SMAD4 
signaling pathway, which protects the heart from 
fibrosis and improves cardiac function. Given the ease 
of obtaining plasma-derived exosomes, this study 
presents a promising therapeutic strategy for heart 
failure, with the potential for rapid clinical translation 
in the near future.

Author Contributions  EM and DJ wrote the review and RK edited and 
finalized it.

Funding  This research was funded, in part, by National Institute of 
Health grants, HL143892, HL134608, HL147841 and HL169405 (to 
R.K.). D.J. is supported by the American Heart Association Career 
Development Award 23CDA1048319.

Data Availability  No datasets were generated or analysed during the 
current study.

Declarations 

Conflict of Interest  The authors declare no competing interests.

Human and Animal Rights and Informed Consent  This article does not 
contain any studies with human or animal subjects performed by any 
of the authors.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 

otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Martin SS, Aday AW, Allen NB, Almarzooq ZI, Anderson CAM, 
Arora P, et al. Heart disease and stroke statistics: a report of US 
and global data from the American heart association. Circulation. 
2025;151(8):e41–e660.

	 2.	 Summary of Global Burden of Disease Study Methods. J Am Coll 
Cardiol. 2022;80:2372–425.

	 3.	 Vaduganathan M, Mensah GA, Turco JV, Fuster V. Roth GA. The 
Global Burden of Cardiovascular Diseases and Risk: A Compass for 
Future Health. J Am Coll Cardiol. Elsevier Inc.; 2022. p. 2361–71.

	 4.	 Konstam MA, Kramer DG, Patel AR, Maron MS, Udelson JE. 
Left ventricular remodeling in heart failure: current concepts in 
clinical significance and assessment. JACC Cardiovasc Imaging. 
2011;4(1):98–108.

	 5.	 Joladarashi D, Thej C, Mallaredy V, Magadum A, Cimini M, Gon-
zalez C, et al. GPC3-mediated metabolic rewiring of diabetic mes-
enchymal stromal cells enhances their cardioprotective functions 
via PKM2 activation. iScience. 2024;27(10):111021.

	 6.	 Yan W, Xia Y, Zhao H, Xu X, Ma X, Tao L. Stem Cell-Based 
Therapy in Cardiac Repair after Myocardial Infarction: Promise, 
Challenges, and Future Directions. J Mol Cell Cardiol Academic 
Press. 2024;188:1–14.

	 7.	 Tang JN, Cores J, Huang K, Cui XL, Luo L, Zhang JY, et al. Con-
cise Review: Is Cardiac Cell Therapy Dead? Embarrassing Trial 
Outcomes and New Directions for the Future. Stem Cells Transl 
Med John Wiley and Sons Ltd. 2018;7(4):354–9.

	 8.	 Fang YH, Wang SPH, Chang HY, Yang PJ, Liu PY, Liu YW. 
Immunogenicity in stem cell therapy for cardiac regeneration. 
Acta Cardiol Sin. 2020;36(6):588–94.

	 9.	 Gu Y, Li T, Ding Y, Sun L, Tu T, Zhu W, et al. Changes in Mes-
enchymal Stem Cells Following Long-Term Culture in Vitro. Mol 
Med Rep. 2016;13:5207–15.

	10.	 Liu C, Han D, Liang P, Li Y, Cao F. The current dilemma and 
breakthrough of stem cell therapy in ischemic heart disease. Front 
Cell Dev Biol. 2021;9.

	11.	 Hussain MWA, Jahangir S, Ghosh B, Yesmin F, Anis A, Satil 
SN, et al. Exosomes for Regulation of Immune Responses and 
Immunotherapy. J Nanotheranostics. 2022;3:55–85.

	12	 Johnstone RM, Adam M, Hammond JR, Orr L, Turbide C. Vesi-
cle Formation During Reticulocyte Maturation. Association of 
Plasma Membrane Activities with Released Vesicles (exosomes). 
J Biol Chem. 1987;262:9412–20.

	13	 Chen YF, Luh F, Ho YS, Yen Y. Exosomes: a review of biologic 
function, diagnostic and targeted therapy applications, and clinical 
trials. BioMed Central Ltd: J Biomed Sci; 2024.

	14.	 Zhang K, Cheng K. Stem Cell-Derived Exosome Versus Stem Cell 
Therapy. Nat Rev Bioeng. 2023;1:608–9.

	15	 Saha P, Datta S, Ghosh S, Samanta A, Ghosh P. Sinha D. Bioengi-
neering of extracellular vesicles: Exosome-based next-generation 
therapeutic strategy in cancer. Bioengineering; 2021. p. 8.

	16.	 Vojtech L, Woo S, Hughes S, Levy C, Ballweber L, Sauteraud RP, 
et al. Exosomes in Human Semen Carry a Distinctive Repertoire 
of Small Non-Coding Rnas with Potential Regulatory Functions. 
Nucleic Acids Res. 2014;42:7290–304.

http://creativecommons.org/licenses/by/4.0/


	 Current Cardiology Reports           (2025) 27:73    73   Page 8 of 9

	17.	 Mashouri L, Yousefi H, Aref AR, Ahadi AM, Molaei F, Alahari 
SK. Exosomes: composition, biogenesis, and mechanisms in can-
cer metastasis and drug resistance. Mol Cancer. 2019;18(1):75.

	18	 Gurung S, Perocheau D, Touramanidou L, Baruteau J. The exo-
some journey: from biogenesis to uptake and intracellular signal-
ling. BioMed Central Ltd: Cell Communication and Signaling; 
2021.

	19.	 Xia Z, Qing B, Wang W, Gu L, Chen H, Yuan Y. Forma-
tion, Contents, Functions of Exosomes and their Potential in 
Lung Cancer Diagnostics and Therapeutics. Thorac Cancer. 
2021;12(23):3088–100.

	20	 Chahar HS, Bao X, Casola A. Exosomes and Their Role in 
the Life Cycle and Pathogenesis of RNA Viruses. Viruses. 
2015;7(6):3204–25.

	21.	 Jahn R, Sudhof TC. Membrane fusion and exocytosis. Annu Rev 
Biochem. 1999;68:863–911.

	22	 Isaac R, Reis FCG, Ying W, Olefsky JM. Exosomes as Media-
tors of Intercellular Crosstalk in Metabolism. Cell Metab. 
2021;33(9):1744–62.

	23.	 Wang S, Wu R, Chen Q, Liu T, Li L. Exosomes derived from 
TNF-α-treated bone marrow mesenchymal stem cells ameliorate 
myocardial infarction injury in mice. Organogenesis. 2024;20(1)

	24.	 Liu X, Li X, Zhu W, Zhang Y, Hong Y, Liang X, et al. Exosomes 
from Mesenchymal Stem Cells Overexpressing Mif Enhance 
Myocardial Repair. J Cell Physiol. 2020;235:8010–22.

	25.	 Wang XY, Wang JJ, Zhang YX, Yu YS, Shen ZY. A fibrin patch 
loaded with mesenchymal stem cells-derived exosomes improves 
cardiac functions after myocardial infarction. Colloid Interfac Sci. 
2024;59.

	26.	 Gunasekaran M, Mishra R, Saha P, Morales D, Cheng WC, 
Jayaraman AR, et al. Comparative efficacy and mechanism of 
action of cardiac progenitor cells after cardiac injury. iScience. 
2022;25(8):104656.

	27.	 Gao L, Wang L, Wei Y, Krishnamurthy P, Walcott GP, Menasché 
P, et al. M Y O C A R D I A L I N F A R C T I O N Exosomes 
secreted by hiPSC-derived cardiac cells improve recovery from 
myocardial infarction in swine. Med: Sci. Transl; 2020.

	28.	 Li J, Sun S, Zhu D, Mei X, Lyu Y, Huang K, et al. Inhalable Stem 
Cell Exosomes Promote Heart Repair after Myocardial Infarction. 
Circulation. 2024;150:710–23.

	29.	 Ahmad Shiekh P, Anwar Mohammed S, Gupta S, Das A, 
Meghwani H, Kumar Maulik S, et al. Oxygen Releasing and 
Antioxidant Breathing Cardiac Patch Delivering Exosomes Pro-
motes Heart Repair after Myocardial Infarction. Chem Eng J. 
2022;428:132490.

	30.	 Tan X, Zhang J, Heng Y, Chen L, Wang Y, Wu S, et al. Locally 
Delivered Hydrogels with Controlled Release of Nanoscale 
Exosomes Promote Cardiac Repair after Myocardial Infarction. J 
Control Release. 2024;368:303–17.

	31.	 Wang M, Li C, Liu Y, Jin Y, Yu Y, Tan X, et al. The effect of 
macrophages and their exosomes in ischemic heart disease. Front 
Immunol. 2024;15:1402468.

	32.	 He X, Liu S, Zhang Z, Liu Q, Dong J, Lin Z, et al. M1 mac-
rophage-derived exosomes inhibit cardiomyocyte prolifera-
tion through delivering miR-155. BMC Cardiovasc Disord. 
2024;24(1):365.

	33.	 Guo HZ, Li ZY, Xiao B, Huang RC. M2 macrophage-derived 
exosomes promote angiogenesis and improve cardiac function 
after myocardial infarction. Biol Direct. 2024;19(1).

	34.	 Liu N, Xie L, Xiao P, Chen X, Kong W, Lou Q, et al. Cardiac 
Fibroblasts Secrete Exosome Microrna to Suppress Cardiomyo-
cyte Pyroptosis in Myocardial Ischemia/Reperfusion Injury. Mol 
Cell Biochem. 2022;477:1249–60.

	35.	 Røsand Ø, Høydal MA. Cardiac exosomes in ischemic heart dis-
ease—A narrative review. Diagnostics: Multidisciplinary Digital 
Publishing Institute (MDPI); 2021.

	36.	 Xiao J, Pan Y, Li XH, Yang XY, Feng YL, Tan HH, et al. Car-
diac Progenitor Cell-Derived Exosomes Prevent Cardiomyocytes 
Apoptosis Through Exosomal Mir-21 By Targeting PDCD4. Cell 
Death Dis. 2016;7(6):e2277.

	37	 Joladarashi D, Garikipati VNS, Thandavarayan RA, Verma SK, 
Mackie AR, Khan M, et al. Enhanced Cardiac Regenerative 
Ability of Stem Cells After Ischemia-Reperfusion Injury: Role 
of Human CD34+ Cells Deficient in MicroRNA-377. J Am Coll 
Cardiol. 2015;66:2214–26.

	38	 Johnson T, Zhao L, Manuel G, Taylor H, Liu D. Approaches to 
Therapeutic Angiogenesis for Ischemic Heart Disease. J Mol 
Med. 2019;97(2):141–51.

	39.	 Shafei S, Khanmohammadi M, Ghanbari H, Nooshabadi VT, 
Tafti SHA, Rabbani S, et al. Effectiveness of Exosome Mediated 
Mir-126 And Mir-146a Delivery on Cardiac Tissue Regenera-
tion. Cell Tissue Res. 2022;390:71–92.

	40.	 Wang T, Li T, Niu X, Hu L, Cheng J, Guo D, et al. ADSC-
derived exosomes attenuate myocardial infarction injury by pro-
moting miR-205-mediated cardiac angiogenesis. Biol Direct. 
2023;18(1):6.

	41.	 Liu Y, Wang M, Liang Y, Wang C, Naruse K, Takahashi K. Treat-
ment of oxidative stress with exosomes in myocardial ischemia. 
Int J Mol Sci. 2021;22.

	42.	 You F. Exosomal miRNA-let-7i-5p from Bone Marrow Mesenchy-
mal Stem Cells Protects Against Myocardial Infarction by Inhibit-
ing Myocardial Apoptosis. Am J Transl Res. 2024;16:6528–39.

	43.	 Wang X, Tang Y, Liu Z, Yin Y, Li Q, Liu G, et al. The Application 
Potential and Advance of Mesenchymal Stem Cell-Derived Exosomes 
in Myocardial Infarction. Hindawi Limited: Stem Cells Int; 2021.

	44.	 Yan C, Wang X, Wang Q, Li H, Song H, Zhou J, et al. A Novel Con-
ductive Polypyrrole-Chitosan Hydrogel Containing Human Endo-
metrial Mesenchymal Stem Cell-Derived Exosomes Facilitated Sus-
tained Release for Cardiac Repair. Adv Healthc Mater. 2024;13(10)

	45.	 Ji Z, Wang C. Mesenchymal Stem Cell-Derived Exosomal Mir-
21-5p Inhibits Yap1 Expression and Improves Outcomes in Myo-
cardial Infarction. BMC Cardiovasc Disord. 2024;24:547.

	46.	 Gu J, You J, Liang H, Zhan J, Gu X, Zhu Y. Engineered bone mar-
row mesenchymal stem cell-derived exosomes loaded with miR302 
through the cardiomyocyte specific peptide can reduce myocardial 
ischemia and reperfusion (I/R) injury. J Transl Med. 2024;22(1)

	47	 Frangogiannis NG. The Inflammatory Response in Myo-
cardial Injury, Repair, and Remodelling. Nat Rev Cardiol. 
2014;11(5):255–65.

	48.	 Zhu D, Liu S, Huang K, Wang Z, Hu S, Li J, et al. Intrapericardial 
Exosome Therapy Dampens Cardiac Injury via Activating Foxo3. 
Circ Res. 2022;131:E135–50.

	49.	 Gong ZT, Xiong YY, Ning Y, Tang RJ, Xu JY, Jiang WY, 
et al. Nicorandil-Pretreated Mesenchymal Stem Cell-Derived 
Exosomes Facilitate Cardiac Repair After Myocardial Infarction 
via Promoting Macrophage M2 Polarization by Targeting miR-
125a-5p/TRAF6/IRF5 Signaling Pathway. Int J Nanomedicine. 
2024;19:2005–24.

	50	 Johansen AKZ, Kasam RK, Vagnozzi RJ, Lin SCJ, Gomez-
Arroyo JG, Shittu A, et al. BHLH Transcription Factor TCF21 
Inhibits Myofibroblast Formation and Cardiac Fibrosis. Circ Res. 
2024;136(1):44–58.

	51	 Kou S, Lu Z, Deng D, Ye M, Sui Y, Qin L, et al. Activation of 
Imprinted Gene PW1 Promotes Cardiac Fibrosis After Ischemic 
Injury. Circulation. 2024;151(9):623–69.

	52.	 Kang J, Mun D, Park M, Yoo G, Joung B. Engineered exosome-
mediated microrna delivery for the treatment of cardiac injury. 
Cytotherapy. 2024;26(6):S79–S.

	53.	 Yuan J, Yang H, Liu C, Shao L, Zhang H, Lu K, et al. Microneedle 
patch loaded with exosomes containing MicroRNA-29b prevents 
cardiac fibrosis after myocardial infarction. Adv Healthc Mater. 
2023;12(13):e2202959.



Current Cardiology Reports           (2025) 27:73 	 Page 9 of 9     73 

	54.	 Li C, Zheng C, Pu Y, Zhou H, Li Y, Wang W, et al. Vericiguat 
Enhances the Therapeutic Efficacy of Mesenchymal Stem Cells-
Derived Exosomes in Acute Myocardial Infarction Through 
Microrna-1180–3p/Ets1 Pathway. Cell Signal. 2025;125:111512.

	55.	 Wang W, Li Y, Zhang C, Zhou H, Li C, Cheng R, et al. Small 
Extracellular Vesicles from Young Healthy Human Plasma Inhibit 
Cardiac Fibrosis After Myocardial Infarction via miR-664a-3p 
Targeting SMAD4. Int J Nanomedicine. 2025;20:557–79.

	56.	 Wang Y, Wang J, Liu C, Li J, Lu K, Yu Q, et al. Injectable Decel-
lularized Extracellular Matrix Hydrogel Loaded with Exosomes 
Encapsulating Curcumin for Prevention of Cardiac Fibrosis after 
Myocardial Infarction. J Mater Sci Technol. 2023;167:50–8.

	57	 Parada N, Romero-Trujillo A, Georges N, Alcayaga-Miranda F. 
Camouflage Strategies for Therapeutic Exosomes Evasion from 
Phagocytosis. J Adv Res. 2021;31:61–74.

	58.	 Li X, Corbett AL, Taatizadeh E, Tasnim N, Little JP, Garnis C, 
et al. Challenges and opportunities in exosome research-perspec-
tives from biology, engineering, and cancer therapy. APL Bioeng. 
2019;3(1):011503.

	59.	 Chen P, Wang L, Fan X, Ning X, Yu B, Ou C, et al. Targeted 
Delivery of Extracellular Vesicles in Heart Injury. Theranostics. 
2021;11:2263–77.

	60.	 Zou Y, Li L, Li Y, Chen S, Xie X, Jin X, et al. Restoring Cardiac Func-
tions after Myocardial Infarction-Ischemia/Reperfusion via an Exo-
some Anchoring Conductive Hydrogel. ACS Appl Mater Interfaces. 
2021;13:56892–908.

	61.	 Yao J, Huang K, Zhu D, Chen T, Jiang Y, Zhang J, et al. A Mini-
mally Invasive Exosome Spray Repairs Heart after Myocardial 
Infarction. ACS Nano. 2021;15:11099–111.

Publisher's Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.


	Unpacking Exosomes: A Therapeutic Frontier for Cardiac Repair
	Abstract
	Purpose of Review 
	Recent Findings 
	Summary 

	Introduction
	Stem Cell Treatment Inadequacy
	Exosome Treatment
	Exosome Cargo
	Exosome Biogenesis and Expulsion
	Exosome Uptake
	Sources of Exosomes
	Mechanism
	Exosomes and Angiogenesis
	Exosomes and ApoptosisCardioprotection
	Exosomes and Inflammation
	Exosomes and Fibrosis
	Current Issues
	Exosome Therapy
	Conclusions
	Key References
	References


