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Introduction

Cardiovascular diseases (CVDs) have plagued human society 
over a long period, impacting the quality of life and mortality 
rate in the patient population and creating economic havoc.1 
In the milieu of several CVDs, cellular degeneration and dys-
function are one of the primary causes, leading to cumulative 
organ damage and decline in its function. CVDs are one of the 
co-morbidities of aging-associated degenerative conditions.2 
Regenerative medicine offers a new prospect for developing 
therapeutics for degenerative diseases including CVD.

One of the facets of regenerative medicine are stem 
cells, which are a subset of heterogeneous cells that can 

differentiate into specialized cell types as well as have the 
ability to self-renew. Based on their origin, stem cells can be 
classified into (1) embryonic stem cells obtained from the 
inner cell mass (iCM) of the blastocyst and (2) adult stem 
cells obtained from adult tissues such as bone marrow, adi-
pose tissue, and so on.3 Another classification of stem cells is 
based on their ability to differentiate (1) totipotent stem cells, 
which can form an entire organism (e.g. zygote); (2) pluri-
potent stem cells, which can form all the cell types of three 
germ layers such as ectoderm, mesoderm, and endoderm 
(e.g. embryonic stem cells); (3) multipotent stem cells, which 
can be differentiated into many cell types (e.g. mesenchymal 
stem cells [MSCs], hematopoietic stem cells [HSCs], bone 
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Abstract
Exosomes are extracellular vesicles released by many cell types with varying 
compositions. Major bioactive factors present in exosomes are protein, lipid, 
mRNA, and miRNA. Exosomes are fundamental regulators of cellular trafficking 
and signaling in both physiological and pathological conditions. Various conditions 
such as oxidative stress, endoplasmic reticulum stress, ribosomal stress, and 
thermal stress alter the concentration of exosomal mRNA, and miRNA, lipids, and 
proteins. Stem cell–derived exosomes have been shown to regulate a variety of 
stresses, either inhibiting or promoting cell balance. Stem cell–derived exosomes 
direct the crosstalk between various cell types which helps recovery by transferring 
information in proteins, lipids, and so on. This is one of the reasons why exosomes 
are used as biomarkers for a multitude of disease conditions. This review highlights 
the bioengineering of fabricated exosomal cargoes. It includes the manipulation and 

delivery of specific exosomal cargoes such as noncoding RNAs, recombinant proteins, immune modulators, therapeutic drugs, and 
small molecules. Such therapeutic approaches may precisely deliver the therapeutic drugs at the target site in the management 
of various disease conditions. Importantly, we have focused on the therapeutic applications of stem cell–derived exosomes in 
cardiovascular disease conditions such as myocardial infarction, ischemic heart disease, cardiomyopathy, heart failure, sepsis, 
and cardiac fibrosis. Generally, two approaches are being followed by researchers for exosomal bioengineering. This literature 
review will shed light on the role of stem cell–derived exosomes in stress balance and provides a new avenue for the treatment of 
cardiovascular diseases.
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Minireview

Impact Statement

Stem cell–derived exosomes have been shown to 
regulate a variety of stresses, either inhibiting or 
promoting cell balance. Exosome-based cell-free 
therapies have been evaluated for several disorders 
by exploiting the paracrine activity of mesenchymal 
stem cell (MSC)-derived exosomes. This review 
highlights the bioengineering of fabricated exoso-
mal cargoes, which could shed light on the role of 
exosomes and provides a new avenue for the treat-
ment of cardiovascular diseases.
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marrow, adipose-derived stem cells); (4) oligopotent stem 
cells, which can be differentiated into a narrower range of 
cell types than multipotent cells (e.g. myeloid stem cells); 
and (5) unipotent stem cells, which can be differentiated into 
one specific cell type (e.g. osteocytes).4,5 Of these, induced 
pluripotent stem cells (iPSCs),6 MSCs,7 skeletal myoblasts,8 
cardiac stem cells,9 HSCs,10 and endothelial progenitor stem 
cells11 have been widely considered as potential candidates 
for cardiovascular therapeutics.

MSCs are an umbrella term used to describe a diverse 
population of multipotent stem/stromal cells that are con-
sidered as a crucial constituent to the field of tissue engineer-
ing. These cells are readily isolated from bone marrow and 
adipose tissues. But MSCs are ubiquitous and are present in 
almost all tissues as a part of their structure. There are certain 
striking properties specific to MSCs including proliferation 
into colonies (measured in colony forming units-fibroblasts 
[CFU-F]), high nucleus:cytoplasm ratio,12 and trilineage dif-
ferentiation, that is, under specific in vitro conditions, MSCs 
can differentiate into endoderm (alveolar epithelial cells), 
ectoderm (neural cells), and mesoderm (cardiomyocytes) 
cell types.13 MSCs have comprehensive therapeutic values 
as they exhibit immunomodulatory and anti-inflammatory 
properties by secretion of cell-surface growth factors such 
as vascular endothelial growth factor, granulocyte-colony 
stimulating factor, macrophage colony stimulating factor, 
insulin-like growth factor-1, and cytokines such as TGF-β, 
TSG-6, iNOS, IL-1, IL-6, IL-7, and IL-8. These cells also play 
a part in macrophage polarization from pro-inflammatory 
(M1) to anti-inflammatory macrophages (M2). The above-
mentioned factors work together in unison to efficiently reg-
ulate the immune system. Hence, MSCs are ideal candidates 
for allogeneic transplants.12 MSCs delivered into the heart 
have played important roles in neovascularization, immu-
nomodulation, and endogenous tissue repair, including 
reduction of fibrosis.14–16 Numerous preclinical and clinical 
studies have evaluated the effects of MSCs on the repair and 
recovery of cardiac tissues. MSCs are effective in ischemic 
and non-ischemic heart failure by stimulating endogenous 
cardiomyocyte proliferation, improving left ventricular 
function, and reducing fibrosis.17–21

Exosomes are nanosized vesicles of 30–200 nm in diam-
eter bound by a single membrane enriched in lipids, gly-
coconjugates, and proteins. They have a high molecular 
heterogeneity, expressing an assemblage of high-order 
membrane-associated proteins, nucleic acids (DNA, RNA), 
and lipids. They are mainly involved in paracrine signal-
ing to target cells, carrying out important signaling pro-
cesses, intracellular trafficking of biomolecules such as 
proteins, development of cancer,22,23 protein quality con-
trol,24,25 and cell membrane remodeling.26,27 There has been 
a huge paradigm shift in MSC therapeutics, which relies on 
the ability of exosomes to act as intercellular messengers. 
Exosome-based cell-free therapies have been evaluated for 
several disorders by exploiting the paracrine activity of 
MSC-derived exosomes.12 Since MSC-derived exosomes are 
widely used in clinical applications, this review has been 
focused on the exosome-based therapies, specifically in the 
context of CVD.

Sources of exosomes

At the beginning, scientists presumed exosomes were a 
waste management system to recycle or discard unwanted 
products, as it was widely observed in bodily fluids, includ-
ing blood, ascites, cerebrospinal fluid, saliva, breast milk, 
tears, bronchial lavage, sweat, semen, and urine.28,29 As they 
looked deeper into the function of exosomes, they realized its 
role in cell–cell signaling and metabolic pathways. Exosomes 
are usually secreted in culture by all cell types, including 
neural, adipocytes, cardiomyocytes, hematopoietic, epithe-
lial, and cancer cells. But researchers have focused mostly 
on stem cell–derived exosomes for clinical applications. 
MSCs are an excellent source of cells for obtaining exosomes 
and are playing an important role in their immunomodula-
tory properties.30 Exosomes from bone marrow stem cells 
have been known to delay osteoarthritis by promoting mac-
rophage polarization to M231 and reducing osteoporosis 
through long non-coding RNA MALAT1.32 They have also 
been used for the treatment of COVID-19 due to their abil-
ity to reduce cytokine storm and reinstate oxygenation.33 
Adipose stem cell–derived exosomes have been shown to 
promote wound healing via Wnt/β-catenin and PI3K/Akt 
pathway.34 MSC-derived exosomes have also been shown 
to demonstrate cardiac wound healing through their anti-
apoptotic effects via the transfer of miR-125b35 and targeting 
pro-apoptotic proteins through exosomal miR-25-3p.36 HSC-
derived exosomes have been shown to express several pro-
angiogenic, anti-apoptotic genes such as vascular endothelial 
growth factor, basic fibroblast growth factor (bFGF), IGF-1, 
and IL-8.37 Exosomes derived from HSC enriched with miR-
126 improved neovascularization after ischemia.38 Exosomes 
derived from dendritic cells39 and endothelial progenitor 
cells were able to improve neovascularization and cardiac 
function.40 In particular, endothelial progenitor stem cells 
have been known to promote cardiac neovascularization 
through paracrine secretion of cytokines and growth factors.40 
Wharton’s jelly MSC-derived exosomes secrete programmed 
death ligand 1 (PDL-1) and suppress T-cell, and thus, they 
avoid immunological rejection (graft versus host disease), a 
major problem in stem cell therapy.41 They have also been 
shown to promote macrophage polarization, promote osteo-
chondral regeneration, and enhance bone marrow- derived 
MSCs (BMSCs) and chondrocytes’ proliferation and migra-
tion.42 Furthermore, Wharton’s jelly MSC-derived exosomes 
have been identified as a suitable candidate for drug deliv-
ery and tumor silencing through siRNA delivery.43 Mouse 
embryonic stem cell–derived exosomes have been shown to 
reinstate heart function and modulate cardiomyocyte repair 
through combination therapy with cardiac progenitor cells 
(CPCs).44 Recently, iPSCs and their subsequent differentiated 
derivates, iPSC-iMSC-derived exosomes, have been consid-
ered as a potential candidate for clinical trials due to their 
high plasticity and immunomodulatory properties. iPSC-
derived iMSCs have been shown to possess higher prolifera-
tion, survival, and therapeutic capabilities in comparison to 
adult MSCs.45 Not much progress has been made in this area 
as the underlying mechanism surrounding iPSCs has not 
been properly elucidated.
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Structure and composition of exosomes

Exosomes are single membrane, circular nanovesicles that 
possess heterogeneous molecular topology. Just like a normal 
cell membrane, an exosomal membrane consists of a lipid 
bilayer made up of phospholipids (phosphatidylcholine, 
phosphatidylserine, phosphatidylinositol, ceramides, sphin-
gomyelin),46 glycoconjugates (heparinase, α-2,6-sialic acid, 
hyaluronan synthase 3),47 and a comprehensive list of trans-
membrane proteins and lipid-anchored and peripherally 
associated membrane proteins.48 Exosomal payload varies 
based on the parent cells that secrete them. According to the 
ExoCarta database (http://www.exocarta.org/), 1116 lipid 
species, 2838 MicroRNA (miRNA), 3408 mRNA, and 9769 
species of proteins have been identified.49 Membrane proteins 
that are abundantly present on exosomes include the tetras-
panin family of proteins (CD63, CD81, CD9, CD37),50 immu-
noglobulin superfamily 8 (IGSF8),51 heat shock proteins (Hsp 
90),52 endosomal proteins (Alix), endosomal sorting complex 
required for transport (ESCRT 0, I, II, III), tumor suppressor 
gene 101 protein (TSG101),53 gag retroviral proteins (Gag),54 
syndecans (SDC1-4),55 milk fat globule protein E8 (MfgE8), 
prion proteins, and so on. Of these, the tetraspanin proteins, 
ESCRT, and Alix proteins have been shown to be involved 
in exosome biogenesis and widely used as biomarkers for 
exosome detection. It also contains a multitude of enzymes 
such as lipases, phosphatases, pyrophosphatases, proteases, 
and glycosyltransferases26 and other key enzymes required 
for enzyme metabolism.56 Furthermore, an important exo-
somal component involved in cell–cell signaling is RNA, 
particularly mRNA and miRNA.57 miRNAs from tumor 
exosomes are widely used as biomarkers by oncologists due 
to their unique molecular signature.58 Exosomes also con-
tain DNA, including genomic DNA (gDNA), mitochondrial 
DNA (mtDNA), single-stranded DNA (ssDNA), and double-
stranded DNA (dsDNA).59 Although the components of the 
exosomes have been identified, the sorting machinery of 
the exosome cargo is largely unknown. Understanding how 
certain molecules are packaged into the exosomes is critical 
to analyze the exploratory pathways and how they affect the 
metabolism and cellular signaling in the target cells.

Exosome biogenesis

Exosome formation usually begins with the internaliza-
tion of cargo from the plasma membrane through clathrin-
dependent or independent (caveolin-mediated) endocytosis, 
macropinocytosis, phagocytosis, and lipid raft–mediated 
internalization with the help of SNARE, tetraspanins, and 
Hsp proteins.48 This is followed by vesicle budding into the 
endosomal compartment where it mixes with cargo from the 
endoplasmic reticulum forming early endosomes. Here, the 
cargo is sorted into exosomes through the ESCRT proteins.60 
Upon maturation, late endosomes give rise to intraluminal 
vesicles to form multivesicular bodies, which then fuses with 
the plasma membrane to release exosomes into the extracel-
lular space. However, not all exosomes are released. Some 
exosomes contain cellular waste that need to be degraded 
by directing them to lysosomes.61 We do not know much 
about this bipartite deciding mechanism, but there is a report 

showing that exosomes associated with multivesicular bod-
ies rich in cholesterol are released into the extracellular space, 
while those with cholesterol-poor membranes are prone to 
lysosomal degradation.62 The two common modes of exo-
some release include direct vesicle release from the plasma 
membrane as seen in glioblastoma exosomes63 and the role of 
arrestin domain-containing protein 1 in microvesicles. This 
has been identified for packaging and intracellular delivery 
of a myriad of macromolecules, including the tumor sup-
pressor p53 protein, RNAs, and the genome-editing CRISPR-
Cas9/guide RNA complex.64 Although the idea of exosomal 
biogenesis through the endosomal compartment is widely 
accepted, that does not mean exosomes are generated only 
through this pathway. Another method of exosome biogen-
esis is intracellular plasma membrane–connected compart-
ments (IPMCs), involving the delayed release of exosomes 
followed by the opening of the IPMC necks (Figure 1).65 It 
is little surprising that only the endosomal mode of biogen-
esis has been widely accepted. It could be due to the obser-
vational bias since exosomes are not able to be identified 
from other modes as most of them get washed away dur-
ing the centrifugation step, in particular plasma membrane 
exosomes. All of the electron microscopy images over-sam-
ple the endosomal mode. This observational bias can only be 
corrected by refocusing electron microscopy on other modes 
of biogenesis and performing a comparative microscopic 
analysis of both endosomal and IPMC modes of exosome 
biogenesis.48

Exosome uptake

There are multiple modes of exosome uptake, including 
phagocytosis, macropinocytosis, and clathrin-dependent 
and clathrin-independent endocytosis. Exosome uptake 
routes are varied, and it depends on the type of donor and 
recipient cells.66 But mostly these pathways involve exo-
some internalization by the plasma membrane. Exosome 
uptake has been compared with viral entry. However, the 
one aspect of exosome uptake that varies with the viral entry 
is in its molecular heterogeneity, as exosomes have an array 
of heterogeneous transmembrane proteins.48 On the con-
trary, similar to retrovirus, exosomes also evade degradation 
while entering the cell.48 Exosome uptake also depends on 
the composition of the lipid bilayer from the plasma mem-
branes of the recipient cells in the form of expression of cell 
adhesion molecules, integrins, phosphatidylserine, glycans, 
and other adhesion molecules.67

Bioengineering of exosomes

Exosomal bioengineering involves modifying exosomal 
cargo and membrane composition for easy uptake and 
producing a pronounced effect in the target cells. Due to 
their smaller size, structural similarity to the normal cell 
membrane, negative zeta potential, biocompatibility, and 
immune-evasive characteristics, exosomes are able to pass 
through natural barriers like the blood–brain barrier and 
thus are ideal candidates for bioengineering and drug 
delivery.68 Despite their advantages, the main drawbacks 
on the clinical application of exosomes are in the isolation 
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and large-scale production of them, systematic drug load-
ing, and streamlined distribution and delivery to the tar-
get cells.69 Generally, two approaches are being followed by 
researchers for exosomal bioengineering. A simple approach 
is that exosome-producing cells are incubated with the cargo 
(miRNA, siRNA, mRNA, or macromolecules like protein) or 
with inducer drug, small molecule followed by collection of 
modified exosomes. In the second approach, the exosomes 
are being collected from the culture medium or serum first, 
followed by treatment with different cargoes by incubation, 
electroporation, and sonication. This method has its draw-
backs as it is laborious and requires proper physical and 
chemical conditions.70

Modifying the exosomal membrane involves coating of 
the membrane with chemical conjugates such as polyethyl-
ene glycol, a hydrophilic polymer to enhance the duration of 
circulation of the nanovesicle and enhance their specificity 
to target cells,71 and with cholesterol, recombinant proteins, 
intercalating dyes,72 and tannic acid for the enhanced bind-
ing of proteins to the myocardium.73 Lipid bioconjugates 
composed of proteins such as streptavidin74 and peptides75 
can also be anchored to the exosome membrane. Functional 
groups such as amines76 and carboxylic acids77 are present 
on the exosome membrane through a linker, so the peptide 
of our interest can be detected by a series of reactions involv-
ing click-chemistry.78 Another approach is the genetic modi-
fication of the exosome-secreting cell to express the peptide 

of our interest, ultimately leading to the incorporation into 
exosomes as well.79 One such example is the bioengineer-
ing of cardiospheres to express lysosome-associated mem-
brane protein 2 (LAMP2B), an exosomal membrane protein 
that has been shown to increase cardiac retention in mice.79 
Exosome bioengineering can also be performed to modulate 
exosome trafficking and decide the fate of exosomes. One 
strategy is to disrupt the endolysosomal membrane through 
the fusion of exosomes with pH-sensitive peptides and cati-
onic lipids for efficient cytosol release.80 Another approach 
is to stimulate micropinocytosis by utilizing arginine-rich 
cell-penetrating peptides for a higher yield of cytosolic 
exosomes.81 Surface modifications can also be done for the 
detection and tracking of exosomes by incorporating a fluo-
rophore, radiolabeled proteins, and recombinant proteins.72 
Surface engineering of exosomes with aptamers, ligands, 
and antibodies is another direction that can be used only 
for a particular subset of target cells. This aptamer approach 
utilizing SELEX technology82 involves surface modifica-
tion of tetraspanin proteins and can be used as nanoprobes 
for the early detection of cancer. This method is rapid and 
highly sensitive, so the detection of disease or cancer cells 
could also be efficient.83

The second stratagem for exosome bioengineering 
involves modulating the culture, physical, and chemical con-
ditions. One approach is to culture cells in stress- inducing 
conditions such as hypoxia,84 serum starvation,84 and 

Figure 1. Exosome biogenesis and release: the formation of exosomes usually begins with the internalization of cargo from the plasma membrane. Internalized cargo 
enters the intracellular sorting organelles, known as endosomes. Here, the cargo (RNA, proteins, signaling molecules) is sorted into exosomes. The exosomes that 
arise from matured endosomes form multivesicular bodies (MVBs), which are then bifurcated, either for release or lysosomal degradation. The release of exosomes 
occurs by fusion of MVBs with plasma membrane. Another method of exosome release involves delayed release through budding at intracellular plasma membrane–
connected compartments (IPMCs), followed by deconstruction of IPMC necks.
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inflammation.85 This leads to genetic reprogramming of the 
cells to modify exosomal cargo to carry genes required for 
alleviating a particular condition. When exposed to hypoxic 
conditions, CPCs can secrete exosomes containing miRNAs 
such as miRNA-15b, miRNA-17, miRNA-20a, and miRNA-
103, which cause enhanced tube formation, reduced TGF-
β expression, and mitigation of tissue damage.86 This idea 
can also be incorporated with the transfection of miRNAs, 
siRNAs, and mRNA to increase the specificity of the tar-
get. Cardiac exosomes–derived miRNAs have been shown 
to produce various effects, for example, (1) miR-1 allevi-
ated oxidative stress, inhibited cardiac hypertrophy, and 
induced cardiac-specific differentiation; (2) miR-133a inhib-
ited fibrosis, and promoted cardiomyocyte survival and dif-
ferentiation; and (3) miR-208a/b promoted cell growth and 
upregulated sarcomeric gene expression.87–90 Empowering 
exosomes with non-coding RNA help in regulating several 
pathways and plays an important role in tumor metastasis 
through regulation of niche. Short interfering RNA (siRNA) 
used in RNA interference (RNAi) can also be delivered by 
exosomes. This exosome-mediated delivery of siRNA to the 

mouse brain was achieved after systemic injection of tar-
geted exosomes.91

Hybrid approaches involving adeno-associated viruses 
(AAV)-encapsulated exosomes have been implemented since 
exosomes and viruses have similar biogenesis, making them 
resistant to AAV-neutralizing antibodies with increased effi-
ciency.92,93 This approach can also be used in suppressing 
viral infection since exosomes secreted by viruses code for 
viral proteins, making them identical to a non-infectious virus 
(Figure 2).68,94 So far, several methods of engineered exosomes 
have been developed and have been applied to in vitro and in 
vivo cultures. But, only a few of them have reached the stages 
of clinical trials. This is due to a lack of proper demonstration 
of the efficacy, safety, and utility of these exosomes. Most 
importantly, large-scale production of exosomes in obedi-
ence to good manufacturing practices (GMPs) is still called 
into question. To circumvent these drawbacks, computational 
methods have been applied and stimulations are being car-
ried out for high-throughput analysis in clinical settings. 
More research should be focused to enhance the viability of 
exosomes in clinical applications through bioengineering.

Figure 2. Bioengineering of exosomes. Exosomes can be bioengineered to modify exosomal cargo and membrane composition for easy uptake and producing a 
desired effect in the target cells. It involves two techniques, (1) modifying exosome membrane using chemicals and (2) modifying the culture conditions. Surface 
engineering of exosomes using lipids and cations is performed for enhanced specificity and detection. Cells exposed to various stresses, such as heat, hypoxia, 
serum starvation, and inflammation, are known to modify the content of the exosomes via receptor-mediated endocytosis or receptor-mediated intracellular signaling. 
In addition, exosomes can be used as a biological carrier of therapeutic miRNAs, siRNAs, aptamers, or small molecules for the targeted delivery into tissues. 
Exosomes are then delivered to the recipient cell through electroporation and incubation.
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Therapeutic applications of stem 
cell–derived exosomes in CVDs

Exosomes are currently being used as therapy for various 
disease by manipulating on its therapeutic need. We are 
summarizing how the stem cells were exploited for the treat-
ment of diseases such as myocardial ischemia, apoptosis, 
hypertrophy, and sepsis (Figure 3).

Myocardial ischemia

Myocardial ischemia is an infirmity where the blood flow to 
the heart is constricted caused by the blockage of the heart’s 
arteries, preventing the heart muscles from receiving enough 
oxygen. This condition can ultimately lead to heart attacks 
and abnormal heart rhythms. Many in vitro studies have 
been performed with stem cell–derived exosomes. Exosomes 
obtained from cardiosphere-derived cells have been shown 
to reduce scarring and induce angiogenesis in the pig model 
of acute myocardial infarction.95 Hypoxic preconditioning 
of cardiosphere-derived cells increases the cardioprotec-
tive effect of exosomes by promoting angiogenesis through 
exosomal miRNA-210, miRNA-130a, and miRNA-126. They 
have also been shown to promote tube formation in human 
umbilical vein endothelial cells (HUVEC) cells.96 Exosomes 
from embryonic stem cells–derived MSCs have been shown 
to alleviate oxidative stress during myocardial ischemia/
reperfusion (MI/R) injury by activating PI3K/Akt pathway. 
They have been shown to reduce the infarct size, restore bio-
energetics, and prevent cardiac remodeling.97 MSC-derived 
exosomes have been shown to promote neovascularization, 

inhibit the inflammation response, and have been shown 
to refine the cardiac microenvironment by promoting angi-
ogenesis.98 Exosomes secreted by CXCR4-overexpressing 
MSCs have been shown to promote cytoprotective effects on 
cardiomyocytes by mediating the Akt signaling.99 Exosomes 
from MSC-derived CPCs have been shown to promote angi-
ogenesis through ERK/Akt signaling, leading to endothelial 
cell migration and vessel formation. Furthermore, many of 
pro-angiogenic factors such as extracellular matrix metal-
loproteinase inducer (EMMPRIN) have been upregulated, 
indicating the recovery of heart.100 MSC-derived exosomes 
have been shown to improve chronic wound healing by 
regulating Akt, ERK, and STAT3 signaling pathways. They 
have been shown to promote angiogenesis in HUVEC 
through enhanced expression of bFGF, vascular endothelial 
growth factor, and TGF-β.101 MSC-derived exosomes have 
been used for MI/R treatment. These exosomes were over-
expressing CD47 and protecting them from the mononuclear 
phagocyte system with the help of miR-21a. Furthermore, 
these exosomes have been shown to inhibit apoptosis and 
inflammation, and improve cardiac function.102 Exosomes 
obtained from adipose-derived MSC inactivated TGFBR2 
and inhibited the phosphorylation of SMAD2 through 
miR-671.103 Human umbilical cord-MSC-derived exosomes 
promoted β-catenin translocation by activating the Wnt 
pathway, exerting a proangiogenic effect on the rat skin 
burn model.104 An exosome spray has been developed that 
repair postcardiac injury. This has been shown to promote 
angiomyogenesis, reduce fibrosis, and exhibit efficient 
cardiac function.105 Hypoxia-pretreated olfactory mucosa 
MSC-derived exosomes promoted angiogenesis, tissue 

Figure 3. Therapeutic applications of exosomes for cardiac diseases. Exosomes isolated from a variety of normal cells, such as induced pluripotent stem cells 
(iPSCs), mesenchymal stem cells (MSCs), hematopoietic stem cells (HSCs), and cardiomyocytes (CMCs), have been shown to improve angiogenesis, cardiomyocyte 
proliferation, and cardiac function and attenuate many cardiac pathological conditions such as fibrosis, apoptosis, inflammation, and oxidative stress.



440  Experimental Biology and Medicine  Volume 248  March 2023

repair, and regeneration via miR-612, displaying a promis-
ing strategy for ischemic diseases.106 MSC-derived exosomes 
treated with atorvastatin, a popular cardioprotective drug, 
have been shown to magnify its therapeutic potential in 
acute myocardial infarction and promote endothelial cell 
function with long non-coding RNA H19 as its regulator.107 
Co-transplantation of exosomes from adipose-derived stem 
cells exposed to hypoxia has enhanced grafted tissue neo-
angiogenesis and survival by regulating vascular endothelial 
growth factor (VEGF)/vascular endothelial growth factor 
receptor (VEGF-R) signaling.108 Thus, stem cell–derived 
exosomes have potential application in the treatment of 
myocardial infarction.

Cardiac apoptosis

When cardiomyocytes are exposed to stresses such as myo-
cardial ischemia, hypoxia, and hypertension, they undergo 
apoptosis and necrosis, resulting in cardiac dysfunc-
tion and ultimately heart failure. MSC-derived exosomes 
overexpressing GATA-4 had higher levels of miR-19a that 
inhibited cardiomyocyte apoptosis through the activation 
of the Akt and ERK pathway.109 Hypoxia-challenged MSC-
derived exosomes alleviated apoptosis of cardiac cells in a 
post myocardial infarction animal model through delivery 
of miR-210.110 They also inhibited hypoxia-induced apop-
tosis in cardiomyocytes through transfer of miR-144 and by 
inhibiting PTEN and promoting p-AKT expression in car-
diac cells.111 Cardiac stem cell–derived exosomes have been 
shown to play a pivotal role in ATP generation with the aid 
of exosomal pyruvate kinase, GAPDH, enolase, and phos-
phoglucomutase, and thereby inhibiting oxidative stress and 
cardiac apoptosis.112 Exosomal miR-210 inhibited cardio-
myocyte apoptosis by silencing pro-apoptotic protein tyros-
ine phosphatase 1B and ephrin A3.113 Exosomal miR-451 and 
miR-21 have been shown to obstruct cardiac apoptosis by 
inhibiting the activity of caspase 3/7.114 Cardiac myocytes 
exposed to myocardial injury and treated with MSC-derived 
exosomes have been shown to promote clathrin-mediated 
endocytosis of miR-214, which resulted in the inhibition of 
apoptosis and improvement in the conditions of acute myo-
cardial infarction.115

Cardiac hypertrophy

The characteristics of cardiac hypertrophy include the secre-
tion of extracellular matrix and pro-inflammatory cytokines, 
leading to the proliferation of cardiac fibroblast and myocyte 
enlargement.116 MSC-derived exosomes have been shown to 
attenuate cardiac hypertrophy through inhibiting the pro-
liferation of cardiac fibroblasts and secretion of extracellu-
lar matrix and pro-inflammatory cytokines.116 Intravenous 
injection of MSC-derived exosomes attenuated inflammation 
in cardiac microenvironment through modulation of mac-
rophages.117 Experimentally induced pulmonary hyperten-
sion in rats was improved by treatment with MSC-derived 
exosomes through upregulation of Wnt and BMP proteins 
and attenuating pulmonary vascular remodeling and lung 
fibrosis in vivo.118 Bone marrow MSC-derived exosomes pro-
tected the heart from cardiac hypertrophy and apoptosis 
upon pressure overload. Upon induction with angiotensin 
2, exosomes also attenuated cardiomyocyte hypertrophy.119

Sepsis

Sepsis is a life-threatening medical emergency and refers 
to the body’s extreme response to infection. It causes a 
broad spectrum of acute myocardial impairment. Exosomal 
cargoes, such as damage-associated molecular patterns 
(DAMPs), heat-shock proteins (HSPs), high mobility group 
box-1 (HMGB1), and a number of extracellular RNAs, 
have been shown to regulate the sepsis-associated inflam-
mation.120 It is mainly caused by an unbalanced immune 
response to infectious agents.121,122 Upon bacterial infection, 
the function of the heart starts to reduce, subsequently caus-
ing multiple organ failure. Such cascade of events may lead 
to sepsis-induced cardiomyopathy. MSC-derived exosomal 
miR-27b attenuated the NF-kB pathway by silencing JMJD3 
and by downregulating the expression of pro-inflammatory 
cytokines and alleviated sepsis in vitro and in vivo.123 miR-21 
generated by MSC-derived exosomes have been shown to 
ameliorate sepsis by silencing PDCD4, thereby promoting 
M2 macrophage polarization.124 Adipose-derived exosomes 
have been shown to alleviate sepsis-induced inflammation 
and multiple organ failure through polarizing macrophages 
to M2 phenotype. They attenuate ROS accumulation 
and downregulated the expression of pro-inflammatory 
cytokines through the regulation of Nrf-2/HO-1 axis.125 
Another important issue associated with sepsis is acute res-
piratory distress syndrome (ARDS), and macrophages are 
the pivotal factors of ARDS. BMSC-derived exosomes have 
been shown to inhibit glycolysis in macrophages, thereby 
inhibiting the formation of pro-inflammatory M1 pheno-
type and promoting anti-inflammatory M2 phenotype.126 
BMSC-derived exosomal miR-223 has been shown to exert a 
cardioprotective effect during polymicrobial sepsis through 
downregulation of semaphorin-3A and STAT3 leading to 
decreased inflammation and cell death.127 In LPS-induced 
mouse models, platelet-derived exosomes promote inflam-
mation through the release of nitric oxide synthase, NADPH 
oxidase, and disulfide isomerase, and consequently down-
regulating an anti-inflammatory miR-223. These platelet-
derived exosomes regulate the vascular dysfunction, as 
observed in sepsis.128 So, identifying such targets and acting 
on them might help in the fight against sepsis.

Future perspectives and conclusions

Now, it has become evident that almost all cells secrete 
exosomes and they have been widely applied in therapeu-
tics. Exosomes have been utilized as biomarkers in many 
CVDs. Exosome bioengineering has enabled us to enhance 
the specificity of the target cells and avoid immunogenic 
effects. Even though several preclinical studies have dem-
onstrated the role of exosomes in CVDs, only two trials have 
successfully entered into clinical trials. A randomized, single-
blind, placebo-controlled, Phase 1, 2 trial evaluates the safety 
and efficacy of allogenic MSC-derived exosome in improv-
ing the disability of patients with acute ischemic stroke 
(ClinicalTrials.gov Identifier: NCT03384433). In another 
study, the patients undergoing surgical repair of acute type 
A aortic dissection (ATAAD) immediately presenting severe 
multiple organ dysfunction syndrome (MODS) will be 
treated with exosomes derived from umbilical cord–derived 
MSCs (NCT04356300).
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Several questions regarding exosomes are obscure and 
are yet to be elucidated. First, we have to evaluate the 
molecular heterogeneity of exosomes in order to apply 
them therapeutically on a large scale. We need to identify 
the functional mechanism involved in cargo sorting, includ-
ing RNA and protein packaging. Second, we have to map 
the route taken by the exosomes while delivering paracrine 
factors. Third, proper isolation and characterization proto-
col for exosomes need to be established as current methods 
are not viable. Furthermore, a better understanding on exo-
some biogenesis and their uptake is needed. When these 
challenges on the exosomes are being addressed, the full 
therapeutic potential of exosomes can be unleashed. Taken 
together, by exploiting the properties of exosomes and stem 
cells, we can become one step closer to developing non-
invasive, cell-free therapeutics for CVDs.
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