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Abstract: Cardiovascular diseases (CVDs) are one of the leading causes of death worldwide. Accu-
mulating evidences have highlighted the importance of exosomes and non-coding RNAs (ncRNAs)
in cardiac physiology and pathology. It is in general consensus that exosomes and ncRNAs play a
crucial role in the maintenance of normal cellular function; and interestingly it is envisaged that their
potential as prospective therapeutic candidates and biomarkers are increasing rapidly. Considering
all these aspects, this review provides a comprehensive overview of the recent understanding of
exosomes and ncRNAs in CVDs. We provide a great deal of discussion regarding their role in the
cardiovascular system, together with providing a glimpse of ideas regarding strategies exploited
to harness their potential as a therapeutic intervention and prospective biomarker against CVDs.
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Thus, it could be envisaged that a thorough understanding of the intricacies related to exosomes
and ncRNA would seemingly allow their full exploration and may lead clinical settings to become a
reality in near future.

Keywords: cardiovascular disease; exosomes; ncRNA; miRNA; lncRNA; circRNA

1. Introduction

Cardiovascular diseases (CVDs) represent one of the major causes of death annually
and poses a serious burden to the healthcare sector of the society. The World Health Or-
ganization estimates that the number of people succumbing to CVDs may cross almost
25 million by 2030 [1]. With the advancements in healthcare systems and infrastructure, the
quality of life of CVDs patients has improved substantially. Nevertheless, despite such in-
terventions, the prevalence of heart failure (HF) still remains relatively high. As a matter of
fact, cardiac tissues are composed of different types of cells which work in perfect harmony
with each other owing to various delicate inter- and intra-cellular communication systems
between these cells. This homeostasis is basically achieved through regulated orchestration
of various signaling pathways involving autocrine, paracrine, and endocrine release of
chemicals/mediators in a feedback loop system. Nevertheless, when this homeostasis is
perturbed, pathological conditions are inevitable, and CVDs represent such a multifaceted
phenomenon with wide range of pathologies. Accumulating evidences have highlighted
the importance of exosomes and non-coding RNAs (ncRNAs) in cardiac physiology and
pathology [2–4]. It is widely accepted that exosomes and ncRNAs play crucial role in
maintenance of the normal cellular function and their potential as prospective biomarkers
and therapeutic candidates are rapidly increasing. Considering all these aspects in mind,
this review collates a comprehensive overview of the recent understanding of exosomes
and ncRNAs in CVDs with special converge on hypertension induced cardiac complication.
We provide a great deal of discussion regarding their role in cardiovascular system together
with providing a glimpse of ideas regarding strategies exploited to harness their potential
as therapeutic intervention and prospective biomarker against CVDs.

1.1. General Introduction of Exosomes

Extracellular vesicles (EVs) are membranous lipid assemblies, which carries a vari-
ety of cellular cargo including lipids, proteins, nucleic acids, metabolites, and so on [5].
Generally, these EVs are categorized based on their size and the nature of their biogen-
esis [6]; nevertheless, there is some overlap within this nomenclature leading to some
contradiction [7]. As of yet, there are no set rules to fully categorize EVs. As a result, the
International Society of Extracellular Vesicles has advocated the generic term “EVs” for
the vesicles released from the cell [8]. Nevertheless, broadly speaking, there are two major
classes namely microvesicles (MVs) and exosomes. MVs are also known as ectosomes,
microparticles, or shedding vesicles, are vesicles having size ranging from ∼100–1000 nm
and are formed from the outward budding of the plasma membrane [9,10]; whereas, ex-
osomes are the vesicles ranging from ∼40 to 120 nm and are formed through a complex
process that involves inward budding of endosomes [10–12]. Since the discovery of EVs,
intensive research has been on-going; nevertheless, as of yet the biology of these EVs espe-
cially exosomes are not completely understood. It has been envisaged that exosomes are
virtually being released from almost every cell type and they basically facilitate transport
of various molecular entities, including nucleic acids, proteins, lipids, and metabolites,
both locally and systemically [5,13–17]. Research in the frontiers of exosomes are rapidly
increasing; basically a PubMed search with the keyword “exosomes” shows more than
thousands of literature been published on the subject, highlighting their importance in the
present scenario. Accumulating evidences have ascertained their imperative role in the
context of cardiovascular physiology and pathology [18–20]. The origin and evolutionary
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perspective of exosomes and their primordial origin remains enigmatic and understanding
of its plausible relation with single celled organism also remains relatively obscure. Ex-
osomes which were once thought to be merely associated with the recycling machinery
of the cell, playing role in cellular homeostasis, have undergone pragmatic shift in the
field of translational medicine. They are released from wide spectrum of cells, including
immune cells such as B cells, T cells, dendritic cells and stem cells, and are present in
various biological fluids, such as cerebrospinal fluid, serum, saliva, urine, etc. Evidence
has shown that exosomes are mechanistically and functionally diverse from its canonical
counterpart and are also more heterogeneous, depending upon its origin [21]. Persistent
to its endosomal origin, studies have shown the presence of major lipid rafts components
consisting of ceramide, cholesterol, sphingomyelin, phosphoglycerides, long and saturated
fatty-acyl chains, etc., in the exosomes. Additionally, since exosomes and multivesicular
bodies (MVBs) generally originate with the aid of endosomal sorting complex required for
transport (ESCRT) pathway, the proteins related to ESCRT are very prevalent and, in fact,
many of them, such as HSP70, HSP90, TSG101, Alix, and tetraspanin family proteins, are
considered “signature proteins” of exosomes. This, however, does not imply the absence of
any other proteins since exosomes can also arise independent of classical ESCRT pathway
and also it is to be noted that they act as a carrier for various protein molecules; thus, their
protein profile seems to be wide and varied depending on the conditions. Recent studies
have highlighted the importance of membrane proteins in the exosomes which can be
leveraged to understand their origin, their preferred cellular destination and pathology
of diseased state [21]. In addition to lipids and proteins, exosomes also comprise nucleic
acid molecules, including mRNA, miRNA, lncRNA, circRNA, etc., as discussed below. A
representative figure highlighting the biogenesis of exosomes and the typical structure of
exosomes are presented in Figure 1. As a matter of fact, it is in general consensus that once
these exosomes are secreted from the parent cell, they interact with the recipient/responder
cells through various mechanism including clathrin-mediated endocytosis, lipid-raft me-
diated, and/or caveolin-mediated endocytosis, receptor-ligand mediated internalization,
phagocytosis or micropinocytosis, and/or direct fusion with the plasma membrane. Lately,
it has been evident that these pathways are not mutually explicit and plausibly could co-
exist for the internalization of a same population of exosomes [10,22]. For example, Isabella
et al., 2009 showed exosome uptake by melanoma cells through the plasma membrane
fusion [23]. Similarly, another study identified exosome uptake in neurosecretory PC12
through clathrin-mediated endocytosis [24]. Perhaps, through these mechanisms, these
exosomal particles modulate the activity of the recipient cells. The mechanism of exosome
uptake is shown in classical cellular cargo transport physiology [10,25]. Further, it has been
envisaged that the mode and level of internalization of exosomes by different cells varies
widely depending on the cell type and environmental conditions. Unfortunately, but not
surprisingly, it has been highlighted that the uptake of exosomes is highest in fibroblast
cells and least in cardiomyocytes. Nevertheless, the underlying intricacies regulating exo-
somal targeting/internalization by cardiomyocyte still remains incompletely understood.
Interestingly, Eguchi et al., highlighted that stem cell-derived exosomes containing the
anti-apoptotic miRNA-214 are up-taken by the cardiac cells through clathrin-mediated
endocytosis [26]. With paucity in the literature underlying molecular intricacies in exoso-
mal internalization and interaction in cardiac cells, not much could be ascertained in the
present scenario. Albeit certain speculations could be made based on the understanding
obtained from reports on exosomes cell interaction with other cell types. It is envisaged
that alteration in its profile gives plethora of information in relation to perturbation in the
physiological homeostasis of the body. Interestingly, multiple lines of studies have shown
that exosomes with their signature molecules plausibly act as an excellent and minimally
invasive biomarker for diagnosis and prognosis of various diseases in general and CVDs
in particular. To this end, much literature reviews are available highlighting the potential
of exosomal signatures molecules as intriguing biomarkers for variety of pathological
conditions including CVDs [27–29].
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Figure 1. Representative figure highlighting the biogenesis of exosomes (A) and the typical structure
of exosomes (B). Basically, exosome biogenesis starts with the inward vagination of the cellular
membrane to form early endosomes. Thereafter, the intraluminal vesicles (ILVs) are formed, and
the endosomes mature to multivesicular bodies (MVBs). MVBs fuse with the cellular membrane
to release ILVs into the extracellular space, where thereafter they are denoted as exosomes. On the
other hand, these MVBs can fuse with lysosomes of the cell, resulting in the degradation of ILVs (A).
Exosomes contain various molecular entities, including nucleic acids (DNA and/or RNA), membrane
anchored-proteins, cytosolic proteins, and lipids (B). The figures are prepared with the BioRender
Software (biorender.com).

1.1.1. Exosomes in Cardiac Physiology and Pathology

As a matter of fact, exosome-mediated crosstalk amongst various cell types in heart tis-
sues have been highlighted to play crucial role in the maintenance of cardiac homeostasis, as
well as in the pathogenesis of cardiac diseases [27,30]. It is well recognized that in response
to various stresses, heart tissue undergoes cardiac remodeling and development of cardiac
hypertrophy, apoptosis, and fibrotic responses, which eventually contribute to HF [31,32].
Albeit, understanding the molecular intricacies underlying cardiac remodeling is one of the
main challenges in cardiovascular medicine. However, it has been highlighted that these
responses, in part, involves vesicle-mediated cellular cross talk among cardiomyocytes
and other cells in the myocardium [33,34]. Reports have shown that cardiac cells under
stress have increased secretion of exosomes and the exosomal content/composition are also
altered; all these aspects eventually activate or suppress various molecular signaling in the
recipient cells [30,35]. Interestingly, Lyu and group have highlighted that cardiac fibroblast
(CF)-derived exosomes enhanced Renin–Angiotensin System (RAS) signaling in cardiomy-
ocytes; and it was found that attenuation of these exosome secretion considerably reversed
Angiotensin II-induced cardiac injuries [36]. Similarly, researchers have highlighted that
CF-derived exosomes, which were plausibly enriched with miRNAs, ensues in induction of
hypertrophic responses[37]; whereas Yang et al., highlighted that exosomes derived from
cardiomyocytes ensued in cardiac fibrosis through myocyte-fibroblast cross-talk [38]. Li
and group has shown that plasma exosomal seemingly regulates inflammatory responses

biorender.com
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during cardiopulmonary bypass surgery through plausible involvement of miR-223 [39].
These studies explicitly highlighted the importance of exosomes in cardiac homeostasis
and disease biology. In addition to playing an imperative role in maintaining cardiac
homeostasis and pathophysiology; they have been highlighted to endow with potentials to
revolutionize cell based therapeutic intervention against CVDs by being a potential means
of cell free therapeutic strategy [40]. Accordingly, in the subsequent section, newer area into
the exploration of exosomes as cell free therapeutic intervention, intriguing drug delivery
platform, and novel biomarkers for CVDs had been discussed.

1.1.2. Exosomes-Based Therapeutic Interventions against CVDs

Over the years, efforts have continuously been laid down to develop effective thera-
peutic strategies that would certainly improve the quality of the CVDs clientele. Newer
therapeutic strategies are being developed, focusing not only to protect the heart tissue but
also to regenerate the myocardium. To this end, accumulating evidence has highlighted the
potential of stem cell therapies against CVDs; nevertheless, as of yet, these therapies refrain
from showing promising results in clinical trials. Meanwhile, it has been envisaged that
most of the favorable outcomes of the transplanted cells were usually indirect. Reports have
highlighted that when mesenchymal stem cells (MSCs) were injected in animal model, only
6% of the injected cells were finally being retained in the infarct site [41]. It has been argued
that the transplanted cells may secrete various factors/mediators, including extracellular
vesicles (EVs), exosomes, growth factors, etc., that might actually play important role in
mediating the beneficial effects of cell therapy. This has reinforced the holistic and emerging
view of exosomes as an alternative and viable therapy. Nevertheless, despite many promis-
ing studies, the precise mechanism of exosome induced perturbations in the recipient cell
still remains poorly understood. Meanwhile, taking note of other aspects, a forward leap in
the arena of exosomes-based therapeutic interventions has been development of synthetic
exosomes with drug delivery potentials, especially the bio-engineered targeted exosomes
as detailed in the subsequent sections. Interestingly, many studies clearly indicated that
exosomes in general and engineered exosomes in particular have opened newer frontier in
arena of intriguing drug delivery platform and there is a high probably that these strategies
may find a prosperous status in biomedical sciences in near future.

(A) Exosomes as Cell-Free Therapeutic Strategies against CVDs

Owing to their various intriguing characteristics, they are increasingly being employed
as a means of cell-free therapeutic interventions for myriads of obstinate diseases, including
CVDs [40]. Accumulating evidence has reported that exosomes from cardiosphere-derived
stem cells (CDCs) have been shown to simulate the therapeutic effects of CDCs to a large
extend in animal models of heart disease [42–45]. They have been underscored to modulate
cardiomyocyte hypertrophic and apoptotic responses, induce angiogenesis, and stimulate
endogenous cardiomyocyte proliferation [46]. Interestingly, Zhu and the group have re-
ported the application of human umbilical cord mesenchymal stem cell (UMSC) derived
exosomes against aging related cardiac complications. In their study, the authors have as-
certained that UMSC derived exosomes through the release of novel metastasis-associated
lung adenocarcinoma transcript 1 (MALAT1) lncRNA suppressed aging-related cardiac
complications through subsequent attenuation of NF-κB/TNF-α signaling cascade [47].
Further, it has been highlighted that exosomes produced by CDCs have been demon-
strated to stimulate myocardial regeneration via transportation of miRNA to the cardiac
cells [42,44,48]. In addition, Limana and group have demonstrated that exosomal from
pericardial fluid considerably improved myocardial performance following myocardial
infarction (MI) and has ascertained that exosomal protein clustering, an important medi-
ator of TGF-β signaling, was plausibly responsible for the underlying cardiac protective
effects [49]. Interestingly, these discoveries rationalize the use of exosomes as intriguing
therapeutic intervention against CVDs.
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(B) Bio-Engineered Exosomes as Next-Generation Therapeutic Intervention

As a matter of fact, exosomes have been comprehended as an important cellular
communication agent embodying potentials to transport diverse range of molecular en-
tities within the biological system [50,51]. Because of their intrinsic ability to delivery
molecular entities, they are considered as a promising drug delivery system (DDS) for
various bioactive compounds and small molecular drugs and has been demonstrated to
considerably improve their pharmacological properties against various diseases in general,
and CVDs in particular. Compared with conventional drug delivery platforms, such as
micelles, microemulsion, nanospheres, liposomes, and metallic nano-particulate system;
exosomes offer many desirable advantages, such as lower toxicity, lower immunogenicity,
high stability in circulation, better biocompatibility, and biological barrier permeability,
which makes them attractive platforms for efficient delivery of therapeutic agents. Interest-
ingly, exosomes have been used to deliver therapeutic drug and small molecules to many
tissues, including the heart [52–58]. In fact, in recent years, engineered exosomes has been
harnessed for targeted co-delivery of chemotherapeutics drug and RNA in fight against
various diseases [59]. Nevertheless, exosomes in analogy with other drug delivery plat-
forms also suffer from the drawback of endocytosis by the mononuclear phagocyte system
(MPS). It has been highlighted that, when unmodified/neat exosomes were administrated
systemically in animal model, they were found preferentially accumulated in the MPS
organs such as liver, kidney, and spleen, which, thereafter, were rapidly cleared by bile
excretion, renal filtration, and/or were phagocytized, leading to minimal accumulation
of the therapeutics in the intended tissues or organs and undue delivery to un-intended
tissues [60]. This bio-distribution profile and off-target effects limited the clinical accept-
ability of the unmodified exosomes [60–62]. Therefore, attempts have been made to modify
exosomes for effective targeting to desired tissue. One method that has been harnessed is
modification of exosomes with homing ligands or peptides, which confers them targeting
capability to tissues or organs carrying the corresponding receptors. In cardiovascular
system, several homing ligands/peptides are been explored for targeted therapy [52,63–65].
Moreover, many peptides endowed with homing potential to different cardiovascular
systems, such as normal cardiomyocyte, ischemia/reperfusion injured cardiomyocytes, the
vascular system etc. offers exciting avenues for exosome targeting ligands [63,64,66–68].
Interestingly, exosomes can be derived from an individual differentiated hematopoietic
stem cells (HSC) and used for tissue-targeted cargo delivery through the expression of
tissue-specific peptides. Thereafter, by loading miRNA and/or siRNA of the targeted
gene, these modified tissue targeted exosomes can selectively regulate gene expression
in the specific tissue corresponding to the homing peptides. Interestingly, Vandergriff
et al., developed an infarct-targeting exosomes, through the use of cardiac homing peptide
(CHP: CSTSMLKAC (IMTP)) to increase the efficacy and decrease the effective dose of intra-
venously delivered exosomes [63,64]. They basically conjugated cardiac stem cell-derived
exosomes with cardiac homing peptide IMTP through a click chemistry approach using
dioleoylphosphatidyl ethanolamine N-hydroxy succinimide linker. Interestingly, increased
retention of the IMTP-exosomes within the ischemia/reperfusion injured heart tissues
were observed to a considerable extent and improvement in cardiac function was also
achieved thereof [69]. Similarly, molecular cloning and lentivirus packaging techniques
were employed to engineer exosomal enriched membrane protein, i.e., Lamp2b fused
with ischemic myocardium-targeting peptide IMTP. Such a fusion resulted in peptides
being displayed on the surface of exosomes. Interestingly, these IMTP-exosomes displayed
efficient internalization by hypoxia-injured embryonic cardiomyocyte H9c2 cells compared
to blank-exosomes and subsequent increased accumulation in ischemic heart tissue were
also obtained [65]. Meanwhile, attenuation of the inflammatory, apoptotic, and fibrotic
responses was observed and enhanced vasculogenesis, and improved cardiac function
were detected following IMTP-exosome treatment in ischemic heart. Further, Mentkowski
and Lang bio-engineered a cardiomyocyte targeted exosomes that demonstrated improved
cardiac retention in in vivo system [52]. Further, Mentkowski and Lang bio-engineered
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a cardiomyocyte targeted exosomes that demonstrated improved cardiac retention in an
in vivo system [52]. To this end, the researcher selected a cardiomyocyte-specific peptide
(CardioMyocyte Peptide (CMP): WLSEAGPVVTVRALRGTGS) [63,70]; which has proven
ability to specifically target cardiac tissues [53,69,71,72]. The researcher ligated this CMP
to the extra-exosomal N-terminus of Lamp2b. Interestingly, these cardiac-targeted CDC
exosomes showed improved uptake into cardiac cells in an in vitro model; thereby leading
to improved cardiac retention in in vivo system and, eventually, reduced cardiac apopto-
sis [52]. It has been envisaged that decorating the surfaces of the exosomes with homing
ligand/entities will certainly reduce the time exosomes require to reach the therapeutic
concentration in targeted tissues, and will considerably reduce the off-target effect, thereby
leading to enhanced therapeutic potential. For detailed outline for the generation and
isolation of the engineered exosomes; readers are advised to go through various previously
published articles [52,59,65,68,69,73]. An overview of procedures for generation of engi-
neered exosomes for specific targeting of the therapeutic molecules to desired tissue along
with the workflow of differential ultracentrifugation for the isolation of the exosome are
represented in Figure 2.

Cells 2022, 11, x FOR PEER REVIEW 8 of 20 
 

 

 
Figure 2. Representative figure highlighting the procedures for generation of engineered/modified 
exosomes for specific targeting of the therapeutic molecules to desired tissue (A) along with the 
workflow of differential ultracentrifugation for exosome isolation (B). The figures are prepared with 
the BioRender Software (biorender.com). 

1.1.3. Exosomes as Prospective Biomarkers for CVDs 
Accumulating evidences have shown that exosomes contain diverse biological con-

tents that plausibly is a reflection of a particular state of the system [74]. Along these lines, 

Figure 2. Representative figure highlighting the procedures for generation of engineered/modified
exosomes for specific targeting of the therapeutic molecules to desired tissue (A) along with the
workflow of differential ultracentrifugation for exosome isolation (B). The figures are prepared with
the BioRender Software (biorender.com).

biorender.com


Cells 2022, 11, 3664 8 of 19

1.1.3. Exosomes as Prospective Biomarkers for CVDs

Accumulating evidences have shown that exosomes contain diverse biological contents
that plausibly is a reflection of a particular state of the system [74]. Along these lines, the
vast repertoire of molecular entities that are packaged within exosomes, their versatile
appearance in nearly all body fluids marks their potential candidature for prospective
novel non-invasive biomarkers [75].

Amongst the exosomes content, exosomes proteins and RNA molecules especially
miRNA are increasingly been reported as promising biomarkers [76]. In fact, exosomal
miRNAs have been the most studied for their role as novel biomarkers for CVDs. A distinct
miRNA profile has been reported by various workers in CVD patients compared to normal
individuals. To this end, Matsumoto and group reported that p53-responsive circulating
exosomes miRNAs viz. hsa-miR-192, hsa-miR-194 and hsa-miR-34a, were considerably
upregulated in the serum of acute MI clienteles that have experienced development of HF
in short period. This study highlights the importance of these exo-miRNA as plausible
prognostic biomarkers for acute MI [77]. Further, studies have also shown that serum
exosomal miR-9 and miR-124 levels were significantly higher in stroke patients. Concomi-
tantly, circulating exosomal miR-9 and miR-124 might be promising biomarkers for stroke
diagnosis [78]. Further, Gidlof and colleagues have demonstrated that upregulation of
plasma levels of hsa-miR-208b and hsa-miR-499-5p corresponded to increase in the risk of
HF, highlighting their prognostic biomarker potential [79].

Further, studies have envisaged the importance of various other exosomal proteins
for prospective biomarkers for CVDs. To this end, Pironti et al., have reported that cir-
culating exosomes induced by cardiac pressure overload contain functional angiotensin
II type 1 receptors (AT1Rs); they have envisaged that the transfer of AT1Rs plausibly deteri-
orates cardiac function during blood pressure (BP) overload, thus, could help in analyzing
the prognosis of the pressure overload diseased patients [80]. Similarly, the adenosine 2A
receptors and dopamine receptors have also been packed within EVs and transferred to
other cells, leading to an increase in BP and cardiac remodeling thereof [81]. These findings
seemingly highlight for usage of these exosomal proteins as prognostic biomarkers for
hypertension clienteles.

Collectively, it is reasonable to argue that many studies are being performed in basic
and clinical research to understand the roles of exosomes in CVDs and to explore their
prospective therapeutic, drug delivery, and biomarker potential. In parallel, it is also envis-
aged that albeit exosome therapy for CVDs looks promising and tempting; nevertheless,
researchers in this field face numerous problems. Not only lack of thorough knowledge
about cellular and molecular intricacies; but also purely technical issues as well. The
issue related to low level of endocytosis in cardiomyocytes well describes the situation,
and, therefore, it seems really challenging to treat CVDs or other diseases with exosomes
that have not been sufficiently modified. Another problem of all the works investigating
exosomes is the impossibility of isolating pure exosome preparation. Nonetheless, the
research fraternities are highly optimistic and as more and more are gleaned about these
aspects, it will be highly helpful in providing scope for improvisation.

1.2. General Introduction of Non-Coding RNAs

It is widely accepted notion that, albeit the human genomes are transcribed into RNA;
nevertheless, approximately only 2% of these transcripts have protein coding functions.
Reckoning with these, researchers have started to investigate the role of ncRNAs in regula-
tion of various physiological and pathological conditions, including CVDs. In fact, in recent
years, the role of ncRNAs in cardiovascular physiology and pathophysiology has become
the focus of many research endeavors [82–84]. It is argued that a better understanding of
the involvement of ncRNAs in CVDs will offer better comprehension of the underlying in-
tricacies which will certainly aid in novel therapeutic insights [85]. In terms of classification,
basically, these ncRNAs are broadly classified based on their size; usually transcripts with
nucleotide lengths < 200 nucleotides are considered as small noncoding RNAs (sncRNA);
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for, e.g., microRNA (miRNA), piwi-interacting RNA (piRNA), small nucleolar RNAs (snoR-
NAs) etc.; whereas transcripts with nucleotide lengths > 200 nucleotides are considered
as long noncoding RNAs (lncRNA); for, e.g., lncRNA, which comprises of long intergenic
RNA (lincRNA), enhancer RNAs (eRNAs), and sense or antisense transcripts (AS), as
discussed below [86–88]. It is in general consensus that the cellular and temporal specificity
drives the mechanism of action of ncRNAs. Basically, ncRNAs are found within the nucleus,
nucleolus, cytoplasm, and even in the mitochondria. Nevertheless, extracellular ncRNAs
were found outside of the cells as well. For example, ncRNA, specifically miRNA, was first
observed in the plasma of the esophageal and melanoma cancer patients [89] and later on
established as a potential blood biomarker for various cancer diagnoses [90]. Furthermore,
ncRNAs can be transported from one cell to another through various means. For example,
Valadi et al. showed that miRNA transport through exosome and they termed these RNA
components as exosomal shuttle RNA [17]. Interestingly, another study found that miRNA-
126 can also be transported between cells through apoptotic bodies [91]. In addition to
these, ncRNAs could also be transported through carrier proteins. For example, Kasey et al.,
demonstrated the stable transfer of functional miRNA through high density lipoprotein
(HDL) into the atherogenic mouse model [92].Interestingly, ncRNAs can be sorted and
packaged into the exosome and circulate into the plasma and transported to the recipient
cells [93]. Another pioneering study of plasma derived exosomal RNA profiling revealed
the presence of various forms of ncRNA, including miRNA as the most abundant form in
the blood circulation [94]. Horizontal transfer of ncRNAs from one cell type to another cell
type has been recently established as means of intercellular communication. For example,
an interesting report showed the exosome mediated miRNA transport from T-cells to the
antigen presenting cells (APCs), wherein they modulate the gene expression profile of
APCs [95]. Furthermore, these exosomal RNAs are involved in many pathophysiological
conditions. Recently, a group showed exosomal associated lncRNAs mediated modula-
tion of the function of l-Lacto-dehydrogenase B (LDHB), high mobility group protein 17
(HMG17) and CSF2RB which causes changes in nucleosomal architecture, and thereof
enhances the cell viability [96]. These studies are attracting much attention; nevertheless,
at this moment of time, it is reasonable to argue that the detailed intricacies about the
exact mode of function and biology of these ncRNAs is still a matter of great interest; and
with much concerted efforts from different research fraternities; more and more would be
gleaned about these intricacies in near future. A representative table providing the lists of
ncRNAs highlighted in various cardiac pathophysiology are depicted in Table 1.

1.2.1. General Introduction of Long Non-Coding RNAs (lncRNAs)

In the recent past, studies have envisaged the importance of lncRNAs in orchestration
of various cardiovascular signaling cascades [97–99]. As already mentioned, lncRNAs
comprise a subclass of ncRNAs broadly classified as transcripts > 200 nucleotides in length
with limited coding functions. Further, depending on its location in the genome and its
relative distance from protein encoding genes; they can be classified as sense lncRNAs,
antisense lncRNAs, bidirectional lncRNAs, intronic lncRNAs, and intergenic lncRNAs,
respectively [100]. Evidence has shown that most of these lncRNAs are nuclear; however,
recent studies have shown that they are also present in the cytoplasmic compartment as
well. The genetic loci of lncRNAs are quite similar to that of mRNAs, but they show less
coherent co-transcriptional splicing and, in addition, they predominantly possess only
one intronic region. Further, in general, the expression level of lncRNAs is relatively less
but more specific than normal protein coding genes, although some discrepancies can
be observed in this depending on the tissue type [101]. Since the expression of lncRNAs
are finely regulated, they provide vital clues regarding the developmental stages of the
cell and/or disease state. Additionally, they are increasingly becoming popular for their
regulatory roles in gene expression, chromatin modification, cellular differentiation besides
acting as scaffolds/guides with intriguing spatial control. These functional roles are not
very exclusive and many lncRNAs seem to obfuscate this notion and perform more than



Cells 2022, 11, 3664 10 of 19

one function simultaneously. Interestingly but not surprisingly, the advent of newer high
throughput technologies, such as RNA-seq, microarray, next-generation sequencing, and
advanced transcriptomic technologies together with bioinformatic tools have heralded a
new paradigm shift in our understanding of diverse functionalities of lncRNAs. Although
the prevalence of such class of RNA has been known since the 1980s, there has been surge of
studies showing its increasing novel regulatory functions and its role in disease progression
over several decades. Interestingly, an intricate lncRNAs map was developed by Iyer et al.,
wherein they have characterized lncRNAs from different tissues, cancerous cells, and cell
lines [102]. Similarly, Cabili et al., assembled a reference catalogue of lncRNAs from variety
of body tissues and cell type [103]. This has also necessitated a comprehensive annotation
resource for lncRNAs which would help researchers in better understanding of lncRNAs.
These resources include GENCODE (https://www.gencodegenes.org/), LNCipedia (https:
//lncipedia.org/info), NONCODE (http://www.noncode.org/), TANRIC (https://www.
tanric.org/), LNCat (http://biocc.hrbmu.edu.cn/LNCat/), etc. [104].

(A) LncRNAs in Cardiac Physiology and Pathology

As a matter of fact, many studies have highlighted the role of lncRNAs in regulation of
CVDs; studies have envisaged the role of lncRNAs in cardiac remodeling, including cardiac
hypertrophy, apoptosis, and fibrotic responses [47,105–113]. To this end, Zhang and group
have characterized the intricacies of a lncRNA named cardiac hypertrophy-associated
regulator (CHAR) in cardiac hypertrophy and delineated the underlying signaling cas-
cade thereof [105]. Further, several studies have ascertained linkage between lncRNA and
miRNA in cardiac injuries. For example, the lncRNA Plscr4 and lncRNA taurine upregu-
lated gene 1 (TUG1) has been shown to regulate cardiac hypertrophy seemingly through
regulation of miR-214 and miR-29b-3p, respectively [114,115]. Similarly, lncRNA H19/miR-
675 axis has been ascertained to regulate cardiac apoptosis through suppression of VDAC1
in diabetic cardiomyopathy [116]; moreover, lnRNA myocardial infarction-regulatory fac-
tor (MIRF), i.e., lnRNA MIRF has been highlighted to promote cardiac apoptosis through
regulation of the miR-26a–Bak1 axis [109]. Moreover, lncRNA ANRIL has been shown
to regulate myocardial apoptosis through regulation of IL-33/ST2 pathway in acute MI
animal model [117]. In addition, lncRNA NONMMUT022555, also known as pro-fibrotic
lncRNA, has been reported to play intriguing role in fibrogenesis process plausibly by
favoring proliferation of cardiac fibroblasts through modulation of let-7d level in MI mouse
model [118]. Further, Micheletti et al., have shown that Wisp2 super enhancer associated
RNA (Wisper) was associated with cardiac fibrosis and cardiac dysfunction in a murine
model of MI and in aortic stenosis human patients [119]. Moreover, exosomal lncRNA
AK139128 derived from cardiomyocytes under hypoxia condition has been reported to
induce apoptosis and attenuate cellular proliferation in cardiac fibroblasts [120].

(B) LncRNA as Therapeutic Interventions and Biomarkers in CVDs

Meanwhile, lncRNAs have been attracting lots of attention as a potential therapeutic
candidates, as well as a prospective biomarker for CVDs. A recent comprehensive study
by Hu and group sheds light on the differential profile of exosomal lncRNA and mRNA
in rheumatic heart disease (RHD). Interestingly, it was found that there were almost 231
lncRNA, which were differentially expressed in RHD patients in comparison to healthy
clienteles. This pioneering transcriptomic analysis of the exosomal lncRNA and mRNA
has provided valuable information not only for plausible biomarker for prognosis but
also provided insights into intriguing therapeutic targets [121]. Further, a study by Shao
et al., 2017 showed that terminal differentiation-induced ncRNA (TINCR) considerably
attenuated cardiac hypertrophy through epigenetic regulation of the protein kinase CAMKII
in transverse aortic constriction mouse model [122]. Previously, Micheletti and group have
shown that silencing Wisper lncRNA through antisense oligonucleotide technology resulted
in attenuation of cardiac dysfunction and MI-induced fibrosis in an in vivo model [119].

https://www.gencodegenes.org/
https://lncipedia.org/info
https://lncipedia.org/info
http://www.noncode.org/
https://www.tanric.org/
https://www.tanric.org/
http://biocc.hrbmu.edu.cn/LNCat/
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As a matter of fact, evidences have shown that lncRNAs displays dynamic alteration
under pathological conditions and have long term stability in the body fluids [123]. All these
features make lncRNAs as a potential non-invasive prognostic and diagnostic biomarker. To
this end, Kumarswamy and group have explored the potential of lncRNAs as a prognostic
biomarker for HF. Basically, the group have identified mitochondria-derived lncRNA long
intergenic non-coding RNA predicting cardiac remodeling (LIPCAR), as a novel biomarker
of cardiac remodeling and could certainly predicts future death in patients with HF [123]. In
addition, LIPCAR was also ascertained as an intriguing biomarker for diastolic dysfunction
and remodeling in type 2 diabetic clienteles [124]. Furthermore, Wang and group has
revealed augmented plasma levels of LIPCAR and the paternally imprinted lncRNA H19
in clienteles with coronary artery disease (CAD) [125]. Further, Xuan et al., 2017 have
ascertained the role circulating lncRNAs, i.e., non-coding repressor of NFAT (NRON) and
myosin heavy-chain-associated RNA transcripts (MHRT) as novel predictive biomarkers
of HF [126].

1.2.2. General Introduction of Circular Non-Coding RNAs (circRNAs)

CircRNA represents another large class of ncRNAs which as the name suggests are
circular covalently closed and show spatiotemporal expression pattern in tissues and
cells. They carry out their function by acting as RNA-binding proteins, sequestering
agents, transcriptional regulators, as well as miRNA sponges. In addition to these, it has
been reported that some selected circRNAs are converted into functional proteins as well.
Despite the absence of poly-adenylation site and capping region, circRNA localizes to the
cytoplasmic compartment and forms a very stable circular structure resistant to exonuclease.
Albeit studies related to circRNA are accelerating; nevertheless, information regarding the
function of circRNA and the ability of it to regulate the physiological and pathological
conditions are relatively in infancy. In addition, most of the studies on circRNA have
been carried out with limited size of cohort which results in inconclusive interpretations.
Additionally, the lack of standardized procedure for evaluating circRNA has resulted in data
inconsistency between different groups. These factors have limited the scope of circRNA.
Nevertheless, as with lncRNA, several annotation resources for circRNA have been created
which the help of researchers in better comprehension of these molecules. A repertoire of
tissue specific circRNA database was created recently by Liu et al. and named generically
as circRNA database (http://circnet.mbc.nctu.edu.tw/). Several other databases to further
accelerate research on circRNA has also been created, such as CircRNABase (http://
starbase.sysu.edu.cn/starbase2/mirCircRNA.php), circBase (http://www.circbase.org/),
Circ2Traits (http://gyanxet-beta.com/circdb/), CircInteractome (https://circinteractome.
nia.nih.gov/), etc.

(A) CircRNA in Cardiac Physiology and Pathology

Evidence has shown that circRNA has emerged as regulatory molecule in CVDs. In
addition, they are considered as novel biomarkers for CVDs, besides being considered
as important therapeutic targets. With the help of high sequencing technologies, recent
studies have found plenty of circRNA in heart tissues from human and mouse origin.
Interestingly, heart-related circRNA (HRCR) was the pioneer circRNA, which was found to
be considerably suppressed in hypertrophic heart and in HF model [127–129]. It has been
reported that HRCR acts as a sponge for miR-223, which has been implicated in cardiac
hypertrophic responses [128]. Intriguingly, it has also been shown that overexpression
of HRCR could provide protection against hypertrophy plausibly through attenuation of
miR-223 in a mouse model [127]. Further, whole transcriptome analysis revealed that five
circRNA, namely circRNA26, circRNA261, circRNA1191, circRNA4251, and circRNA6913,
were differentially expressed following cardiac hypertrophic induced by high glucose treat-
ment. These circRNA was found to have around ~60 target miRNA for regulation [130].
Concomitantly, these differentially expressed circRNA ascertained the biologically relevant
RNA markers and corresponding regulatory network in high glucose induced cardiomy-

http://circnet.mbc.nctu.edu.tw/
http://starbase.sysu.edu.cn/starbase2/mirCircRNA.php
http://starbase.sysu.edu.cn/starbase2/mirCircRNA.php
http://www.circbase.org/
http://gyanxet-beta.com/circdb/
https://circinteractome.nia.nih.gov/
https://circinteractome.nia.nih.gov/
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opathies. Further, Wu et al., using circRNA microarray and in silico analysis ascertained
that 59 plasma circRNA were differentially expressed (46 circRNAs were significantly upreg-
ulated and 13 were significantly downregulated) in human hypertensive plasma samples.
Amongst these differentially expressed circRNA, has_circ_0005870 was further validated
to be considerably downregulated in hypertensive clienteles [131]. In another study, re-
searchers have highlighted the role of circRNA_000203 to promote cardiac hypertrophy
plausibly through inhibition of miR-26b-5p and miR-140-3p which regulate Gata4 expres-
sion levels [132]. Further, CircRNA microarray studies have ascertain that three circRNA
namely chr8:71336875j71337745, chr5:90817794j90827570, and chr6:22033342j22038870 were
overexpressed in case of rat coronary artery endothelial cells (CAEC) treated with TGF-
β1 [133]. This study interestingly highlighted the potential role of differentially expressed
circRNAs during TGF-β1-related CVDs.

(B) CircRNA as Therapeutic Interventions and Biomarkers against CVDs

Further, recent studies have exploited circRNA as therapeutic interventions against
CVDs. Interestingly, in the case of atherosclerosis, circANRIL has been demonstrated to
bestow athero-protection through modulation of ribosomal RNA (rRNA) maturation and
governing pathways related to atherogenesis [134]. Similarly, circRNA_010567 was shown
to ameliorate MI through attenuation of TGF-β1 [135]. Likewise, a promising study by
Zeng et al. evaluated the potential of circRNA circ_Amotl1, which is highly expressed in
neonatal cardiac tissue and manifests cardio-protective functions by binding to PDK1 and
AKT1 [136].

As already mentioned, linear RNA molecules have been highlighted as potential
biomarkers [137]; to this end, as circRNAs are more stable and resistant to exonucleases
compared to linear RNAs, as a result it bestows more advantageous properties for its
potential to act as a biomarker [138]. Thus, it is highly reasonable to argue that circRNAs
are more superior to its analogous mRNAs and lncRNAs as prospective biomarker can-
didates in terms of abundance, stability, and specificity. In analogy with lncRNAs, Zhao
and group have envisaged the potential of peripheral blood circular RNA hsa_circ_0124644
as a diagnostic biomarker of CAD [139]. A recent meta-analysis of several databases have
demonstrated that two circRNA namely circCDKN2BAS and circMACF1 have prospec-
tive potentials to be used as circulating biomarker in CVDs [140]. Furthermore, a study
in 2017 highlighted the usage of the circRNA, myocardial infarction associated circular
RNA (MICRA) to predict the risk in MI clienteles [141]. Further, the circRNA HRCR
described above could also be potentially considered for biomarker repository [138,142].
Likewise, hsa-circ-0005870 described above might represent a novel diagnostic biomarker
for hypertension [131].

Collectively, the aspects that they are abundant, stable, as well as evolutionally con-
served in tissues, saliva, exosomes, and blood offers enormous potential to extend the
current landscape of prognostic and diagnostic biomarkers for CVDs, as well as for other
diseases [123,143]. However, it is a matter of great interest that amongst exosomes, ncRNA,
and exosomal ncRNA, which one would show better candidature as prospective biomarkers
for CVDs is still not known.

Taken together, although each molecular entities viz. exosomes and ncRNA have dis-
tinctive role in cardiovascular system; nevertheless, the importance of cross talks between
these molecular entities as regulator of various events in cardiovascular system should not
be overlooked at the same time [144].
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Table 1. Representative table providing the lists of ncRNAs highlighted in various cardiac pathophysiology.

RNA Disease Mechanism/Functions References

LncRNA

TINCR Cardiac Hypertrophy Silencing of CaMKII protein kinase [122]

Plscr4 Cardiac Hypertrophy/
Heart Failure Down-regulation of miR-214 expression [114]

TUG1 Cardiac Hypertrophy Down-regulation of miR-29b-3p [115]

CHRF Cardiac Hypertrophy Down-regulation of miR-489 [106]

MIAT Cardiac Hypertrophy Regulation of TLR4 expression by
sponging miR-93 in cardiomyocytes [107]

FTX Cardiac Apoptosis Modulation of Bcl212 expression;
Inhibition of miR-29b-1-5p [108]

MIRF Cardiac Apoptosis Inhibition of miR-26a [109]

ANRIL Cardiac Apoptosis Regulation of IL33/ST2 [117]

H19 Cardiac Apostosis/
Cardiac Fibrosis

Reduction of VDAC-1; Increment in
collagen and TGF-β levels, reduction of

Dus5 expression
[116,125]

NONMMUT022555 Cardiac Fibrosis Reduction in level of let-7d [118]

Wisper Cardiac Fibrosis Regulation of expression of a profibrotic
form of lysyl hydroxylase 2 [119]

(GAS5) Cardiac Fibrosis
Inhibition of miR-21; Modulation of
endothelial cells via exosomes and

macrophage apoptosis
[110,111]

Mhrt Cardiac Fibrosis Interaction with the
chromatin-remodeling factor Brg1 [126]

SRA1 Cardiac Fibrosis Inhibition of miR-148b [112]

MEG3 Myocardial infarction Regulation miR-183 level [113]

AK139128 Myocardial infarction Regulation of cellular activities of cardiac
fibroblasts in vitro and in vivo [120]

MALTA1 Aging induced cardiac dysfunction Inhibition of NF-κB/TNF-α signaling
pathway [47]

CircRNA

HRCR Cardiac Hypertrophy/
Heart Failure Acts as sponge for miR-223 [127–129]

CircRNA_0005870 Hypertension - [131]

CircRNA_000203 Cardiac Hypertrophy Inhibition of miR-26b-5p and miR-140-3p
which regulate Gata4 expression levels [132]

CircANRIL Artherosclerosis
Regulation of ribosomal RNA (rRNA)

maturation and modulation of pathways
related to atherogenesis

[134]

CircRNA_010567 Myocardial Infarction Attenuation of TGF-β1 [135]

CircRNA_Amotl1 Doxorubicin induced
cardiomyopathy Binding to PDK1 and AKT1 [136]

2. Conclusions

Since the discovery of exosomes and ncRNAs, they have garnered much attention
across the research fraternities; nevertheless, their intricacies, especially in relation with
CVDs, are not completely understood. Nonetheless, in recent years, research in these fields



Cells 2022, 11, 3664 14 of 19

has expanded greatly. It is argued that as the challenges in the field are gradually addressed,
it will be highly instrumental to better understand the underlying intricacies regarding
their biology and function, especially in CVDs. However, there are still various daunting
challenges that are important stumbling blocks to truly harness their potential in clinical
settings. These includes establishment of optimal dose and route of administration, better
understanding of the immunogenicity of these molecular entities upon administration to the
model animals, improved understanding of their pharmacokinetics and pharmacodynamic
parameters, development/optimization of tools to comprehensively characterize them, etc.
At this moment of time, it is reasonable to argue that these challenges need to be addressed
on an urgent basis. Accordingly, a better understanding of these intricacies, along with
addressing the underlying challenges will provide a fundamental basis for improving their
efficacy for improved therapeutic intervention to efficiently deal with not only CVDs but
also other debilitating diseases as well with equal potency.

Author Contributions: Conceptualization: F.B.K.; writing—original draft preparation: F.B.K., S.U.,
A.Y.E., K.W.G., L.C.M., C.A., A.R.P., I.A., M.K. (Mohsina Khan) M.O., C.-Y.H., J.R.D., M.A.K., S.S.,
M.K. (Md Khursheed), S.R., H.R.K.K., S.M., A.A.K. and M.A.A.; writing—review and editing: F.B.K.
All authors have read and agreed to the published version of the manuscript.

Funding: Zayed Center for Health Sciences, United Arab Emirates University (UAEU-ZCHS) (Grant
number #31R235) and the UAEU postdoc grant (Grant number #31R241).

Acknowledgments: We acknowledge the funding support by a center-based grant from Zayed
Center for Health Sciences, United Arab Emirates University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Timmis, A.; Mimoza, L.; Vardas, P.; Townsend, N.; Torbica, A.; Katus, H.; De Smedt, D.; Gale, C.P.; Maggioni, A.P.; Petersen,

S.E.; et al. European Society of Cardiology: Cardiovascular disease statistics 2021. Eur. Heart J. 2022, 43, 716–799. [CrossRef]
2. Li, C.; Ni, Y.-Q.; Xu, H.; Xiang, Q.-Y.; Zhao, Y.; Zhan, J.-K.; He, J.-Y.; Li, S.; Liu, Y.-S. Roles and mechanisms of exosomal non-coding

RNAs in human health and diseases. Signal Transduct. Target. Ther. 2021, 6, 383. [CrossRef] [PubMed]
3. Yuan, Z.; Huang, W. New developments in exosomal lncRNAs in cardiovascular diseases. Front. Cardiovasc. Med. 2021, 8, 709169.

[CrossRef] [PubMed]
4. Xiao, Y.C.; Wang, W.; Gao, Y.; Li, W.Y.; Tan, X.; Wang, Y.K.; Wang, W.Z. The Peripheral Circulating Exosomal microRNAs Related

to Central Inflammation in Chronic Heart Failure. J. Cardiovasc. Transl. Res. 2022, 15, 500–513. [CrossRef] [PubMed]
5. Yokoi, A.; Ochiya, T. Exosomes and extracellular vesicles: Rethinking the essential values in cancer biology. Semin. Cancer Biol.

2021, 74, 79–91. [CrossRef] [PubMed]
6. Yáñez-Mó, M.a.; Siljander, P.R.M.; Andreu, Z.; Zavec, A.B.; Borràs, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.; Carvalho, J.;

et al. Biological properties of extracellular vesicles and their physiological functions. J. Extracell. Vesicles 2015, 4, 27066. [CrossRef]
7. Gould, S.J.; Raposo, G.A. As we wait: Coping with an imperfect nomenclature for extracellular vesicles. J. Extracell. Vesicles 2013,

2, 20389. [CrossRef]
8. Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.;

Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the
International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef]

9. Cocucci, E.; Racchetti, G.; Meldolesi, J. Shedding microvesicles: Artefacts no more. Trends Cell Biol. 2009, 19, 43–51. [CrossRef]
10. Gurung, S.; Perocheau, D.; Touramanidou, L.; Baruteau, J. The exosome journey: From biogenesis to uptake and intracellular

signalling. Cell Commun. Signal. 2021, 19, 1–19. [CrossRef]
11. French, K.C.; Antonyak, M.A.; Cerione, R.A. Extracellular vesicle docking at the cellular port: Extracellular vesicle binding and

uptake. Semin. Cell Dev. Biol. 2017, 67, 48–55. [CrossRef] [PubMed]
12. Johnstone, R.M.; Adam, M.; Hammond, J.R.; Orr, L.; Turbide, C. Vesicle formation during reticulocyte maturation. Association of

plasma membrane activities with released vesicles (exosomes). J. Biol. Chem. 1987, 262, 9412–9420. [CrossRef]
13. Safdar, A.; Saleem, A.; Tarnopolsky, M.A. The potential of endurance exercise-derived exosomes to treat metabolic diseases. Nat.

Rev. Endocrinol. 2016, 12, 504–517. [CrossRef] [PubMed]
14. Martínez, M.C.; Andriantsitohaina, R. Extracellular vesicles in metabolic syndrome. Circ. Res. 2017, 120, 1674–1686. [CrossRef]
15. Théry, C.; Zitvogel, L.; Amigorena, S. Exosomes: Composition, biogenesis and function. Nat. Rev. Immunol. 2002, 2, 569–579.

[CrossRef]

http://doi.org/10.1093/eurheartj/ehab892
http://doi.org/10.1038/s41392-021-00779-x
http://www.ncbi.nlm.nih.gov/pubmed/34753929
http://doi.org/10.3389/fcvm.2021.709169
http://www.ncbi.nlm.nih.gov/pubmed/34307511
http://doi.org/10.1007/s12265-022-10266-5
http://www.ncbi.nlm.nih.gov/pubmed/35501543
http://doi.org/10.1016/j.semcancer.2021.03.032
http://www.ncbi.nlm.nih.gov/pubmed/33798721
http://doi.org/10.3402/jev.v4.27066
http://doi.org/10.3402/jev.v2i0.20389
http://doi.org/10.1080/20013078.2018.1535750
http://doi.org/10.1016/j.tcb.2008.11.003
http://doi.org/10.1186/s12964-021-00730-1
http://doi.org/10.1016/j.semcdb.2017.01.002
http://www.ncbi.nlm.nih.gov/pubmed/28104520
http://doi.org/10.1016/S0021-9258(18)48095-7
http://doi.org/10.1038/nrendo.2016.76
http://www.ncbi.nlm.nih.gov/pubmed/27230949
http://doi.org/10.1161/CIRCRESAHA.117.309419
http://doi.org/10.1038/nri855


Cells 2022, 11, 3664 15 of 19

16. Huang-Doran, I.; Zhang, C.-Y.; Vidal-Puig, A. Extracellular vesicles: Novel mediators of cell communication in metabolic disease.
Trends Endocrinol. Metab. 2017, 28, 3–18. [CrossRef]

17. Valadi, H.; Ekström, K.; Bossios, A.; Sjöstrand, M.; Lee, J.J.; Lötvall, J.O. Exosome-mediated transfer of mRNAs and microRNAs is
a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9, 654–659. [CrossRef]

18. Ibrahim, A.; Marbán, E. Exosomes: Fundamental biology and roles in cardiovascular physiology. Annu. Rev. Physiol. 2016, 78, 67.
[CrossRef]

19. Patil, M.; Henderson, J.; Luong, H.; Annamalai, D.; Sreejit, G.; Krishnamurthy, P. The art of intercellular wireless communications:
Exosomes in heart disease and therapy. Front. Cell Dev. Biol. 2019, 7, 315. [CrossRef]

20. Kishore, R.; Garikipati, V.N.S.; Gumpert, A. Tiny shuttles for information transfer: Exosomes in cardiac health and disease.
J. Cardiovasc. Transl. Res. 2016, 9, 169–175. [CrossRef]

21. van Niel, G.; Carter, D.R.F.; Clayton, A.; Lambert, D.W.; Raposo, G.; Vader, P. Challenges and directions in studying cell–cell
communication by extracellular vesicles. Nat. Rev. Mol. Cell Biol. 2022, 23, 369–382. [CrossRef] [PubMed]

22. Garikipati, V.N.S.; Shoja-Taheri, F.; Davis, M.E.; Kishore, R. Extracellular vesicles and the application of system biology and
computational modeling in cardiac repair. Circ. Res. 2018, 123, 188–204. [CrossRef] [PubMed]

23. Parolini, I.; Federici, C.; Raggi, C.; Lugini, L.; Palleschi, S.; De Milito, A.; Coscia, C.; Iessi, E.; Logozzi, M.; Molinari, A.
Microenvironmental pH is a key factor for exosome traffic in tumor cells. J. Biol. Chem. 2009, 284, 34211–34222. [CrossRef]
[PubMed]

24. Tian, T.; Zhu, Y.-L.; Zhou, Y.-Y.; Liang, G.-F.; Wang, Y.-Y.; Hu, F.-H.; Xiao, Z.-D. Exosome uptake through clathrin-mediated
endocytosis and macropinocytosis and mediating miR-21 delivery. J. Biol. Chem. 2014, 289, 22258–22267. [CrossRef] [PubMed]

25. Mathieu, M.; Martin-Jaular, L.; Lavieu, G.; Théry, C. Specificities of secretion and uptake of exosomes and other extracellular
vesicles for cell-to-cell communication. Nat. Cell Biol. 2019, 21, 9–17. [CrossRef] [PubMed]

26. Eguchi, S.; Takefuji, M.; Sakaguchi, T.; Ishihama, S.; Mori, Y.; Tsuda, T.; Takikawa, T.; Yoshida, T.; Ohashi, K.; Shimizu, Y.
Cardiomyocytes capture stem cell-derived, anti-apoptotic microRNA-214 via clathrin-mediated endocytosis in acute myocardial
infarction. J. Biol. Chem. 2019, 294, 11665–11674. [CrossRef] [PubMed]

27. Zhang, Y.; Hu, Y.-W.; Zheng, L.; Wang, Q. Characteristics and roles of exosomes in cardiovascular disease. DNA Cell Biol. 2017, 36,
202–211. [CrossRef]

28. Otero-Ortega, L.; Laso-García, F.; Gómez-de Frutos, M.; Fuentes, B.; Diekhorst, L.; Díez-Tejedor, E.; Gutiérrez-Fernández, M. Role
of exosomes as a treatment and potential biomarker for stroke. Transl. Stroke Res. 2019, 10, 241–249. [CrossRef]

29. Street, J.M.; Koritzinsky, E.H.; Glispie, D.M.; Star, R.A.; Yuen, P.S.T. Urine exosomes: An emerging trove of biomarkers. Adv. Clin.
Chem. 2017, 78, 103–122.

30. Bang, C.; Batkai, S.; Dangwal, S.; Gupta, S.K.; Foinquinos, A.; Holzmann, A.; Just, A.; Remke, J.; Zimmer, K.; Zeug, A. Cardiac
fibroblast–derived microRNA passenger strand-enriched exosomes mediate cardiomyocyte hypertrophy. J. Clin. Investig. 2014,
124, 2136–2146. [CrossRef]

31. Chiang, J.-T.; Badrealam, K.F.; Shibu, M.A.; Cheng, S.-F.; Shen, C.-Y.; Chang, C.-F.; Lin, Y.-M.; Viswanadha, V.P.; Liao, S.-C.; Huang,
C.-Y. Anti-apoptosis and anti-fibrosis effects of eriobotrya japonica in spontaneously hypertensive rat hearts. Int. J. Mol. Sci. 2018,
19, 1638. [CrossRef] [PubMed]

32. Chiang, J.T.; Badrealam, K.F.; Shibu, M.A.; Kuo, C.H.; Huang, C.Y.; Chen, B.C.; Lin, Y.M.; Viswanadha, V.P.; Kuo, W.W. Eriobotrya
japonica ameliorates cardiac hypertrophy in H9c2 cardiomyoblast and in spontaneously hypertensive rats. Environ. Toxicol. 2018,
33, 1113–1122. [CrossRef] [PubMed]

33. Burnap, S.A.; Mayr, M. Extracellular vesicle crosstalk between the myocardium and immune system upon infarction. Circ. Res.
2018, 123, 15–17. [CrossRef] [PubMed]

34. Sluijter, J.P.G.; Verhage, V.; Deddens, J.C.; van den Akker, F.; Doevendans, P.A. Microvesicles and exosomes for intracardiac
communication. Cardiovasc. Res. 2014, 102, 302–311. [CrossRef] [PubMed]

35. Tian, J.; Guo, X.; Liu, X.-M.; Liu, L.; Weng, Q.-F.; Dong, S.-J.; Knowlton, A.A.; Yuan, W.-J.; Lin, L. Extracellular HSP60 induces
inflammation through activating and up-regulating TLRs in cardiomyocytes. Cardiovasc. Res. 2013, 98, 391–401. [CrossRef]
[PubMed]

36. Lyu, L.; Wang, H.; Li, B.; Qin, Q.; Qi, L.; Nagarkatti, M.; Nagarkatti, P.; Janicki, J.S.; Wang, X.L.; Cui, T. A critical role of cardiac
fibroblast-derived exosomes in activating renin angiotensin system in cardiomyocytes. J. Mol. Cell. Cardiol. 2015, 89, 268–279.
[CrossRef]

37. Ong, S.-G.; Lee, W.H.; Huang, M.; Dey, D.; Kodo, K.; Sanchez-Freire, V.; Gold, J.D.; Wu, J.C. Cross talk of combined gene and cell
therapy in ischemic heart disease: Role of exosomal microRNA transfer. Circulation 2014, 130, S60–S69. [CrossRef]

38. Yang, J.; Yu, X.; Xue, F.; Li, Y.; Liu, W.; Zhang, S. Exosomes derived from cardiomyocytes promote cardiac fibrosis via myocyte-
fibroblast cross-talk. Am. J. Transl. Res. 2018, 10, 4350.

39. Poon, K.-S.; Palanisamy, K.; Chang, S.-S.; Sun, K.-T.; Chen, K.-B.; Li, P.-C.; Lin, T.-C.; Li, C.-Y. Plasma exosomal miR-223 expression
regulates inflammatory responses during cardiac surgery with cardiopulmonary bypass. Sci. Rep. 2017, 7, 10807. [CrossRef]

40. Davidson, S.M.; Yellon, D.M. Exosomes and cardioprotection–a critical analysis. Mol. Asp. Med. 2018, 60, 104–114. [CrossRef]
41. Tang, Y.; Zhou, Y.; Li, H. Advances in mesenchymal stem cell exosomes: A review. Stem Cell Res. Ther. 2021, 12, 71. [CrossRef]

[PubMed]

http://doi.org/10.1016/j.tem.2016.10.003
http://doi.org/10.1038/ncb1596
http://doi.org/10.1146/annurev-physiol-021115-104929
http://doi.org/10.3389/fcell.2019.00315
http://doi.org/10.1007/s12265-016-9682-4
http://doi.org/10.1038/s41580-022-00460-3
http://www.ncbi.nlm.nih.gov/pubmed/35260831
http://doi.org/10.1161/CIRCRESAHA.117.311215
http://www.ncbi.nlm.nih.gov/pubmed/29976687
http://doi.org/10.1074/jbc.M109.041152
http://www.ncbi.nlm.nih.gov/pubmed/19801663
http://doi.org/10.1074/jbc.M114.588046
http://www.ncbi.nlm.nih.gov/pubmed/24951588
http://doi.org/10.1038/s41556-018-0250-9
http://www.ncbi.nlm.nih.gov/pubmed/30602770
http://doi.org/10.1074/jbc.RA119.007537
http://www.ncbi.nlm.nih.gov/pubmed/31217281
http://doi.org/10.1089/dna.2016.3496
http://doi.org/10.1007/s12975-018-0654-7
http://doi.org/10.1172/JCI70577
http://doi.org/10.3390/ijms19061638
http://www.ncbi.nlm.nih.gov/pubmed/29857545
http://doi.org/10.1002/tox.22589
http://www.ncbi.nlm.nih.gov/pubmed/29974613
http://doi.org/10.1161/CIRCRESAHA.118.313179
http://www.ncbi.nlm.nih.gov/pubmed/29929970
http://doi.org/10.1093/cvr/cvu022
http://www.ncbi.nlm.nih.gov/pubmed/24488559
http://doi.org/10.1093/cvr/cvt047
http://www.ncbi.nlm.nih.gov/pubmed/23447644
http://doi.org/10.1016/j.yjmcc.2015.10.022
http://doi.org/10.1161/CIRCULATIONAHA.113.007917
http://doi.org/10.1038/s41598-017-09709-w
http://doi.org/10.1016/j.mam.2017.11.004
http://doi.org/10.1186/s13287-021-02138-7
http://www.ncbi.nlm.nih.gov/pubmed/33468232


Cells 2022, 11, 3664 16 of 19

42. Ibrahim, A.G.-E.; Cheng, K.; Marbán, E. Exosomes as critical agents of cardiac regeneration triggered by cell therapy. Stem Cell
Rep. 2014, 2, 606–619. [CrossRef] [PubMed]

43. Gallet, R.; Dawkins, J.; Valle, J.; Simsolo, E.; De Couto, G.; Middleton, R.; Tseliou, E.; Luthringer, D.; Kreke, M.; Smith, R.R.
Exosomes secreted by cardiosphere-derived cells reduce scarring, attenuate adverse remodelling, and improve function in acute
and chronic porcine myocardial infarction. Eur. Heart J. 2017, 38, 201–211. [CrossRef] [PubMed]

44. Gray, W.D.; French, K.M.; Ghosh-Choudhary, S.; Maxwell, J.T.; Brown, M.E.; Platt, M.O.; Searles, C.D.; Davis, M.E. Identification
of therapeutic covariant microRNA clusters in hypoxia-treated cardiac progenitor cell exosomes using systems biology. Circ. Res.
2015, 116, 255–263. [CrossRef]

45. Mao, L.; Li, Y.-D.; Chen, R.-L.; Li, G.; Zhou, X.-X.; Song, F.; Wu, C.; Hu, Y.; Hong, Y.-X.; Dang, X. Heart-targeting exosomes
from human cardiosphere-derived cells improve the therapeutic effect on cardiac hypertrophy. J. Nanobiotechnol. 2022, 20, 435.
[CrossRef]

46. Barile, L.; Moccetti, T.; Marbán, E.; Vassalli, G. Roles of exosomes in cardioprotection. Eur. Heart J. 2017, 38, 1372–1379. [CrossRef]
47. Zhu, B.; Zhang, L.; Liang, C.; Liu, B.; Pan, X.; Wang, Y.; Zhang, Y.; Zhang, Y.; Xie, W.; Yan, B.; et al. Stem cell-derived exosomes

prevent aging-induced cardiac dysfunction through a novel exosome/lncRNA MALAT1/NF-κB/TNF-α signaling pathway. Oxid.
Med. Cell Longev. 2019, 2019, 9739258. [CrossRef]

48. Chen, L.; Wang, Y.; Pan, Y.; Zhang, L.; Shen, C.; Qin, G.; Ashraf, M.; Weintraub, N.; Ma, G.; Tang, Y. Cardiac progenitor-derived
exosomes protect ischemic myocardium from acute ischemia/reperfusion injury. Biochem. Biophys. Res. Commun. 2013, 431, 566–571.
[CrossRef]

49. Foglio, E.; Puddighinu, G.; Fasanaro, P.; D’Arcangelo, D.; Perrone, G.A.; Mocini, D.; Campanella, C.; Coppola, L.; Logozzi, M.;
Azzarito, T. Exosomal clusterin, identified in the pericardial fluid, improves myocardial performance following MI through
epicardial activation, enhanced arteriogenesis and reduced apoptosis. Int. J. Cardiol. 2015, 197, 333–347. [CrossRef]

50. Zhang, Z.; Xu, Y.; Cao, C.; Wang, B.; Guo, J.; Qin, Z.; Lu, Y.; Zhang, J.; Zhang, L.; Wang, W. Exosomes as a messager to regulate the
crosstalk between macrophages and cardiomyocytes under hypoxia conditions. J. Cell. Mol. Med. 2022, 26, 1486–1500. [CrossRef]

51. Gabisonia, K.; Khan, M.; Recchia, F.A. Extracellular vesicle-mediated bidirectional communication between heart and other
organs. Am. J. Physiol. Heart Circ. Physiol. 2022, 322, H769–H784. [CrossRef] [PubMed]

52. Mentkowski, K.I.; Lang, J.K. Exosomes engineered to express a cardiomyocyte binding peptide demonstrate improved cardiac
retention in vivo. Sci. Rep. 2019, 9, 10041. [CrossRef] [PubMed]

53. Kim, H.; Yun, N.; Mun, D.; Kang, J.-Y.; Lee, S.-H.; Park, H.; Park, H.; Joung, B. Cardiac-specific delivery by cardiac tissue-targeting
peptide-expressing exosomes. Biochem. Biophys. Res. Commun. 2018, 499, 803–808. [CrossRef] [PubMed]

54. Zheng, M.; Huang, M.; Ma, X.; Chen, H.; Gao, X. Harnessing exosomes for the development of brain drug delivery systems.
Bioconjugate Chem. 2019, 30, 994–1005. [CrossRef]

55. Alvarez-Erviti, L.; Seow, Y.; Yin, H.; Betts, C.; Lakhal, S.; Wood, M.J.A. Delivery of siRNA to the mouse brain by systemic injection
of targeted exosomes. Nat. Biotechnol. 2011, 29, 341–345. [CrossRef]

56. Yang, T.; Fogarty, B.; LaForge, B.; Aziz, S.; Pham, T.; Lai, L.; Bai, S. Delivery of small interfering RNA to inhibit vascular endothelial
growth factor in zebrafish using natural brain endothelia cell-secreted exosome nanovesicles for the treatment of brain cancer.
AAPS J. 2017, 19, 475–486. [CrossRef]

57. Ohno, S.-i.; Takanashi, M.; Sudo, K.; Ueda, S.; Ishikawa, A.; Matsuyama, N.; Fujita, K.; Mizutani, T.; Ohgi, T.; Ochiya, T.
Systemically injected exosomes targeted to EGFR deliver antitumor microRNA to breast cancer cells. Mol. Ther. 2013, 21, 185–191.
[CrossRef]

58. Wu, C.Y.; Du, S.L.; Zhang, J.; Liang, A.L.; Liu, Y.J. Exosomes and breast cancer: A comprehensive review of novel therapeutic
strategies from diagnosis to treatment. Cancer Gene Ther. 2017, 24, 6–12. [CrossRef]

59. Liang, G.; Zhu, Y.; Ali, D.J.; Tian, T.; Xu, H.; Si, K.; Sun, B.; Chen, B.; Xiao, Z. Engineered exosomes for targeted co-delivery of
miR-21 inhibitor and chemotherapeutics to reverse drug resistance in colon cancer. J. Nanobiotechnol. 2020, 18, 10. [CrossRef]

60. Tseliou, E.; Fouad, J.; Reich, H.; Slipczuk, L.; De Couto, G.; Aminzadeh, M.; Middleton, R.; Valle, J.; Weixin, L.; Marbán, E.
Fibroblasts rendered antifibrotic, antiapoptotic, and angiogenic by priming with cardiosphere-derived extracellular membrane
vesicles. J. Am. Coll. Cardiol. 2015, 66, 599–611. [CrossRef]

61. Qiu, X.; Li, Z.; Han, X.; Zhen, L.; Luo, C.; Liu, M.; Yu, K.; Ren, Y. Tumor-derived nanovesicles promote lung distribution of
the therapeutic nanovector through repression of Kupffer cell-mediated phagocytosis. Theranostics 2019, 9, 2618. [CrossRef]
[PubMed]

62. Gustafson, H.H.; Holt-Casper, D.; Grainger, D.W.; Ghandehari, H. Nanoparticle uptake: The phagocyte problem. Nano Today
2015, 10, 487–510. [CrossRef] [PubMed]

63. Kanki, S.; Jaalouk, D.E.; Lee, S.; Alvin, Y.C.; Gannon, J.; Lee, R.T. Identification of targeting peptides for ischemic myocardium by
in vivo phage display. J. Mol. Cell. Cardiol. 2011, 50, 841–848. [CrossRef] [PubMed]

64. Won, Y.-W.; McGinn, A.N.; Lee, M.; Bull, D.A.; Kim, S.W. Targeted gene delivery to ischemic myocardium by homing peptide-
guided polymeric carrier. Mol. Pharm. 2013, 10, 378–385. [CrossRef]

65. Wang, X.; Chen, Y.; Zhao, Z.; Meng, Q.; Yu, Y.; Sun, J.; Yang, Z.; Chen, Y.; Li, J.; Ma, T. Engineered exosomes with ischemic
myocardium-targeting peptide for targeted therapy in myocardial infarction. J. Am. Heart Assoc. 2018, 7, e008737. [CrossRef]

66. Lee, K.; Yu, P.; Lingampalli, N.; Kim, H.J.; Tang, R.; Murthy, N. Peptide-enhanced mRNA transfection in cultured mouse cardiac
fibroblasts and direct reprogramming towards cardiomyocyte-like cells. Int. J. Nanomed. 2015, 10, 1841.

http://doi.org/10.1016/j.stemcr.2014.04.006
http://www.ncbi.nlm.nih.gov/pubmed/24936449
http://doi.org/10.1093/eurheartj/ehw240
http://www.ncbi.nlm.nih.gov/pubmed/28158410
http://doi.org/10.1161/CIRCRESAHA.116.304360
http://doi.org/10.1186/s12951-022-01630-3
http://doi.org/10.1093/eurheartj/ehw304
http://doi.org/10.1155/2019/9739258
http://doi.org/10.1016/j.bbrc.2013.01.015
http://doi.org/10.1016/j.ijcard.2015.06.008
http://doi.org/10.1111/jcmm.17162
http://doi.org/10.1152/ajpheart.00659.2021
http://www.ncbi.nlm.nih.gov/pubmed/35179973
http://doi.org/10.1038/s41598-019-46407-1
http://www.ncbi.nlm.nih.gov/pubmed/31296886
http://doi.org/10.1016/j.bbrc.2018.03.227
http://www.ncbi.nlm.nih.gov/pubmed/29621543
http://doi.org/10.1021/acs.bioconjchem.9b00085
http://doi.org/10.1038/nbt.1807
http://doi.org/10.1208/s12248-016-0015-y
http://doi.org/10.1038/mt.2012.180
http://doi.org/10.1038/cgt.2016.69
http://doi.org/10.1186/s12951-019-0563-2
http://doi.org/10.1016/j.jacc.2015.05.068
http://doi.org/10.7150/thno.32363
http://www.ncbi.nlm.nih.gov/pubmed/31131057
http://doi.org/10.1016/j.nantod.2015.06.006
http://www.ncbi.nlm.nih.gov/pubmed/26640510
http://doi.org/10.1016/j.yjmcc.2011.02.003
http://www.ncbi.nlm.nih.gov/pubmed/21316369
http://doi.org/10.1021/mp300500y
http://doi.org/10.1161/JAHA.118.008737


Cells 2022, 11, 3664 17 of 19

67. Toba, M.; Alzoubi, A.; O’Neill, K.; Abe, K.; Urakami, T.; Komatsu, M.; Alvarez, D.; Järvinen, T.A.H.; Mann, D.; Ruoslahti, E.
A novel vascular homing peptide strategy to selectively enhance pulmonary drug efficacy in pulmonary arterial hypertension.
Am. J. Pathol. 2014, 184, 369–375. [CrossRef]

68. Xitong, D.; Xiaorong, Z. Targeted therapeutic delivery using engineered exosomes and its applications in cardiovascular diseases.
Gene 2016, 575, 377–384. [CrossRef]

69. Vandergriff, A.; Huang, K.E.; Shen, D.; Hu, S.; Hensley, M.T.; Caranasos, T.G.; Qian, L.; Cheng, K. Targeting regenerative exosomes
to myocardial infarction using cardiac homing peptide. Theranostics 2018, 8, 1869. [CrossRef]

70. McGuire, M.J.; Samli, K.N.; Johnston, S.A.; Brown, K.C. In vitro selection of a peptide with high selectivity for cardiomyocytes
in vivo. J. Mol. Biol. 2004, 342, 171–182. [CrossRef]

71. Wang, X.; Huang, H.; Zhang, L.; Bai, Y.; Chen, H. PCM and TAT co-modified liposome with improved myocardium delivery:
In vitro and in vivo evaluations. Drug Deliv. 2017, 24, 339–345. [CrossRef] [PubMed]

72. Nam, H.Y.; McGinn, A.; Kim, P.-H.; Kim, S.W.; Bull, D.A. Primary cardiomyocyte-targeted bioreducible polymer for efficient gene
delivery to the myocardium. Biomaterials 2010, 31, 8081–8087. [CrossRef] [PubMed]

73. Lai, J.J.; Chau, Z.L.; Chen, S.Y.; Hill, J.J.; Korpany, K.V.; Liang, N.W.; Lin, L.H.; Lin, Y.H.; Liu, J.K.; Liu, Y.C. Exosome Processing
and Characterization Approaches for Research and Technology Development. Adv. Sci. 2022, 9, 2103222. [CrossRef] [PubMed]

74. Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [CrossRef]
[PubMed]

75. Tickner, J.A.; Urquhart, A.J.; Stephenson, S.-A.; Richard, D.J.; O’Byrne, K.J. Functions and therapeutic roles of exosomes in cancer.
Front. Oncol. 2014, 4, 127. [CrossRef]

76. Bellin, G.; Gardin, C.; Ferroni, L.; Chachques, J.C.; Rogante, M.; Mitrečić, D.; Ferrari, R.; Zavan, B. Exosome in cardiovascular
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