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SUMMARY

Epicardial adipose tissue (EAT) is a fat depot located between themyocardiumand the visceral layer of the
epicardium,which, owing to its location, can influence surrounding tissues and can act as a local transducer
of systemic inflammation. The mechanisms upon which such influence depends on are however unclear.
Given the role EAT undoubtedly has in the scheme of cardiovascular diseases (CVDs), understanding
the impact of its cellular components is of upmost importance. Extracellular vesicles (EVs) constitute
promising candidates to fill the gap in the knowledge concerning the unexplored mechanisms through
which EAT promotes onset and progression of CVDs. Owing to their ability of transporting active biomol-
ecules, EAT-derived EVs have been reported to be actively involved in the pathogenesis of ischemia/re-
perfusion injury, coronary atherosclerosis, heart failure, and atrial fibrillation. Exploring the precise func-
tions EVs exert in this context may aid in connecting the dots between EAT and CVDs.

INTRODUCTION

Epicardial adipose tissue (EAT) is a distinctive fat depot that interacts anatomically and functionally with the heart, located between the

myocardium and the visceral layer of the epicardium. Because it has been proposed as a biomarker of visceral adiposity, its variability reflects

the variation in intra-abdominal fat accumulation. EAT is particularly important for cardiac function, given its location (under the pericardium)

and because it acts as a metabolically active endocrine organ, exerting cardioprotective functions and providing a source of energy and heat

to the heart. Indeed, in physiological conditions, EAT participates in the homeostasis of the cardiovascular systemby storing triglycerides that

produce energy in the myocardium and provides structural support preventing coronary arteries from twisting.

In pathological conditions (e.g., obesity), the nature of the effects of EAT switch from being protective to detrimental. Indeed, EAT

has been observed to contribute to atherogenesis; it has been associated with hemodynamic impairments, an enhanced ventricular

interdependence, a reduced exercise capacity, and an increased risk of atrial fibrillation.1,2 However, precise molecular mechanisms

linking EAT to cardiovascular diseases have not yet been described. The underlying mechanisms that have most generally been hypoth-

esized are related to inflammation exacerbation of the innate immune response, oxidative stress, endothelial damage, adipocyte stress,

lipid accumulation, and glucotoxicity.3 Within this context, extracellular vesicles (EVs) are gaining interest in terms of their role in both

physiological and pathological conditions.4 EVs are known to be key players in intercellular communication, given their ability to trans-

port proteins, lipids, and nucleic acids, all of which are reflective of the state of their specific cell of origin.5 It is well established that EVs

are involved in the multiple CVDs, including atherosclerosis,6,7 heart failure, cardiomyopathies,8,9 and atrial fibrillation.10 Given the dif-

ficulties in assessing the paracrine contribution of EAT to CVD, the specific signature carried by EVs derived from EAT may provide an

insight on unexplored mechanisms through which this particular tissue may, in part, promote the onset and progression of cardiovas-

cular diseases. Levels of circulating EVs are detectable in plasma of healthy subjects and are elevated in patients with cardiovascular risk

factors, such as hypertension and dyslipidaemia.11 Thus, EVs could also be used as biomarkers to monitor the progression of cardio-

vascular diseases.12

This review addresses the role of EVs as key mediators of the inter-organ crosstalk between EAT and the heart (Figure 1). Firstly, the anat-

omy and physiology of EAT is discussed, followed by a description of the composition and function of EVs. The role of EAT-derived EVs in

some of the main CVDs such as coronary artery disease, atrial fibrillation, and heart failure, which are related to EAT regional distribution, is

also described (e.g., EAT surrounding the left atrium is not the same as that infiltrating the coronary arteries).
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Figure 1. Schematic representation of the involvement of epicardial-adipose-tissue-derived extracellular vesicles in the context of cardiovascular

diseases
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EAT: ANATOMY AND PHYSIOLOGY

The adipose tissue of the heart can be categorized into two distinct compartments according to their respective anatomical location: epicar-

dial fat and pericardial fat.13 EAT is the fat depot located between themyocardium and the visceral layer of the epicardium, whereas the peri-

cardial fat is located on the outer surface of the parietal pericardium.14 EAT accumulates within the interventricular and atrioventricular

grooves and is present along the coronary vessels, the right edge of the wall of the right ventricle, on the anterior wall, and around the

apex of the heart.15 According to its specific anatomical distribution, the EAT located directly around or on the coronary artery adventitia

is known as ‘‘pericoronary EAT’’; ‘‘myocardial EAT’’ is the fat depot covering the myocardium, whereas periatrial and periventricular EAT is

distributed within and around the atria and ventricles, respectively. Although the externally located pericardial adipose tissue receives its

blood supply from branches of the internal thoracic artery,16 EAT receives its blood supply from branches of the coronary arteries, given their

close vicinity. A unique aspect consists in the fact that EAT and themyocardium share the samemicrocirculation,17 due to the lack of any kind

of barrier or muscle fascia separating them. No other visceral fat depot presents this contiguity with an organ. The proximity between these

two anatomical districts enables their interaction through both paracrine and vasocrine pathways. This feature may be explained by the com-

mon embryological lineage that EAT in fact shares with the epicardial layer of the myocardium, arising from splanchnopleural mesothelial

protrusions so as to form the proepicardial organ.16 Although not in the remit of the present review, it is worth mentioning that macroscop-

ically, themeasurement of EAT thickness can be assessed by echocardiography and computed tomography.Whereas the former consists in a

simple, accurate, and readily available method, the latter allows a precise assessment of pericoronary or periatrial epicardial fat volume; how-

ever, it is a more expensive and cumbersome technique. For further description, it is suggested to refer to specific reviews.18 Microscopically,

EAT is composed mainly of adipocytes, but also contains nerve cells, inflammatory cells (mainly macrophages and mast cells), stromal cells,

vascular cells, and immune cells. There are distinct cell subpopulations of EAT. Larger unilocular adipocytes are primarily involved in the stor-

age of triglycerides for de novo lipogenesis to serve as a potential energy source for the epicardium, whereas smaller adipocytes expressing

uncoupling protein 1 (UCP-1) found in the periventricular area are associated with thermogenesis.16 Similarly to visceral adipose tissue, EAT

can secrete adipokines. In this way, it may exert a protective role by releasing anti-inflammatory adipokines with cardioprotective effects (i.e.,

adiponectin).13

EAT is a white adipose tissue but also has brown fat-like and beige fat-like features.19 Human biopsies showed that the adipocytes of EAT

are smaller than those in peritoneal and subcutaneous fat and display a higher basal rate of fatty acid metabolism and lipogenesis. Adult EAT

maintains brown fat-like and beige fat-like features, which are associated with improved cardiometabolic health. Loss of brown fat-like fea-

tures is associated with aging and accelerated in chronic diseases.20,21

Physiologically, EAT has a protective role. Indeed, it represents an indispensable energy source for the myocardium, providing energy

through the beta-oxidation of long chain fatty acids, which are then usedby the heart as itsmain energy source.13 EAT exhibits a greater ability

to take up and release FFAs compared with other fat depots and, given the proximity between EAT and cardiomyocytes, FFAs may directly

diffuse fromEAT into themyocardial cells, or they can be actively transported through the coronary circulation.17,22 Adipocyte fatty-acid-bind-

ing protein (also known as FABP4), highly expressed in EAT, participates in the intracellular transport of fatty acids from epicardial fat into the
2 iScience 27, 109359, April 19, 2024
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myocardium, while however protecting the myocardium from exposure to high fatty acid levels. Moreover, EAT possesses ‘‘beige-like’’ fea-

tures, due to the expression of uncoupling protein 1 (UCP1), a specific mediator of thermogenesis in brown adipocytes, suggesting that EAT

may protect the heart from hypothermia through heat production.23 Specifically, this adipose depot could protect the myocardium from, for

example, developing fatal ventricular arrhythmias during a drop in core body temperature from cold exposure.24 EAT thus possesses cardi-

oprotective functions, providing a source of energy and heat to the heart. As its transcriptome, the EAT secretome is unique and very different

from that of other fat depots, being enriched in genes encoding cardioprotective adipokines, such as adiponectin, with potential anti-inflam-

matory and anti-atherogenic properties, and omentin, or involved in the regulation of endothelial function, extracellular matrix remodeling,

thrombosis, coagulation, potassium transport, and inflammation.25,26 Conversely, under pathological circumstances, epicardial fat becomes

harmful for the heart, e.g., in the case of obesity, EAT produces inflammatory mediators. Specifically, pericoronary EAT seems to be impli-

cated in atherogenesis, whereas EAT accumulated around the atria is associated with atrial fibrillation and those accumulated over the right

or left ventricles show association with ventricle mass.2,27,28

Despite the positive correlation observed between the size of adipocytes from different fat depots and body mass index, the explanation

of this relationship is still not clear because it did not seemdue to an increased hypertrophy of EAT adipocytes. A plausible explanationmay lie

in the augmented proportion of smaller adipocytes in EAT of patients with obesity when compared with overweight and normal individuals,

thus suggesting a hyperplastic remodeling of EAT in this pathological condition.29 Larger adipocytes usually release increased amounts of

proinflammatorymediators such as leptin and resistin and lower amounts of adiponectin.30 In patients with obesity, a dysregulation of the pro-

and anti-inflammatory adipocytokine production leads to a state of chronic low-grade inflammation, which may contribute to the develop-

ment of atherosclerosis and cardiovascular diseases.30 This dysregulation is also observed in EAT, which exhibits significantly increased levels

of chemokine (monocyte chemoattractant protein-1 [MCP-1]) and inflammatory cytokines (interleukin-1 [IL-1], IL-6, tumor necrosis factor alpha

[TNF-a]) compared with subcutaneous fat in patients with CVD.31 This condition, together with obesity, has also been associated with a

decreased production of the anti-inflammatory adipokine adiponectin.32 The close relationship existing between EAT and inflammation

therefore appears clear: the release of proinflammatory adipokines from EATmay contribute to the systemic inflammatory state, and systemic

inflammation promotes the accumulation of EAT, contributing to local inflammation.33 The cellular population of EAT is rich in M1 macro-

phages and mast cells that infiltrate the coronary artery adventitia.31,34

The dysfunction of EAT in obesity could be also related to an eventual onset of insulin resistance and excessive influx of FFA. Generally,

insulin resistance increases with body fat, particularly in the visceral compartment. In the case of obesity, EAT adipocyte size is positively corre-

lated with insulin resistance, measured through the HOMA (homeostatic model assessment) index.30 Activation of the advanced glycation

end products/receptor advanced glycation products (AGE/RAGE) system in diabetic EAT contributes to the oxidative stress and endothelial

damage associated with diabetic CVD.35

Dysfunctional EAT can also be considered an independent risk factor for atrial fibrillation development and recurrence after catheter abla-

tion. The EAT infiltrating the atrium is enriched in genes encoding proteins with potential arrhythmogenic properties that regulate oxidative

phosphorylation, muscular contraction, and calcium signaling.19

Finally, accumulation of ventricular EAT is associated with myocardial fibrosis, ventricular hypertrophy, and increased cardiac filling pres-

sures, which are features of heart failure with preserved ejection fraction.
EXTRACELLULAR VESICLES: BIOLOGY AND FUNCTION

EVs are a heterogeneous population of small phospholipid bilayer-delimited particles, devoid of a nucleus, released fromall cell types inmost

biological fluids. While once thought to be a means of eliminating cellular waste,36 EVs are now known to play a pivotal role in various phys-

iological and pathological processes. Owing to their ability to transfer molecular cargo (i.e., proteins, nucleic acids, lipids, even whole and/or

fragmented organelles) from one cell to another, it is generally accepted that EVs consist in crucial players in the scheme of intercellular

communication in multicellular organisms.5

The fundamental heterogeneity of EVs is what renders their classification complicated. So as to avert further contradictory definitions and

inaccurate experimental expectations, the International Society of Extracellular Vesicles recommends that EV description be performed using

operational terms based on size, according to which EVs may be defined as small (‘‘sEVs,’’ <100 nm or <200 nm) or medium/large (‘‘mEVs’’/

‘‘lEVs,’’ >200 nm); density range (low, middle, or high); biochemical composition, referring to the presence of specific proteins known as tet-

raspanins (cluster of differentiation 63 [CD63], CD81) or Annexin A5; and/or state of the conditions of the cell of origin (i.e., ‘‘hypoxic EVs,’’

‘‘cardiomyocyte-derived EVs,’’ and so on).37 Evidence reporting that protein content substantially differs between small and large EVs further

supports the feasibility of employing size as a method for EV classification.38

EV isolation is achieved according to one and/or more of these characteristics by a multitude of techniques, from various sources. For a

summary of techniques most employed for performing EV isolation, refer to Table 1. Recent efforts have also beenmade at developing novel

EV classification methods, such as Kanao’s group who proposed to categorize EVs according to their surface glycan structures.39

Although not in the remit of the present review, it is worthmentioning that non-vesicular extracellular nanoparticles (NVEPs), particles lack-

ing an outward lipid bilayer also found to be quite abundant within the extracellular space and bodily fluids, have recently acquired appre-

ciation within the context of extracellular nanosized ‘‘anuclear’’ particles.54 These types of particles include the well-established groups of

lipoproteins and nucleosomes but also the recently discovered exomeres55,56 and suprameres.57,58

Some of the first evidence of the existence of EVs dates to 1946, following Peter Wolf’s demonstrations, in which a phospholipid-

rich material present within plasma responsible for its coagulative activity was identified and defined as ‘‘platelet dust.’’59 Initially these
iScience 27, 109359, April 19, 2024 3



Table 1. Most commonly employed techniques for extracellular vesicle isolation

Method of isolation Description of method Pros and cons

Differential

Ultracentrifugation

Based on the difference in particle sedimentation

coefficient (dependent on particle size and density).

Particles with different sedimentation coefficients

pellet at different centrifugation speeds. Sequentially

increasing the centrifugal force (1000–3000 g)

removes non-EV particles from the sample.

The ‘‘pre-clearance’’ procedure is followed by

ultracentrifugation (100,000–200,000 g) to

ensure the obtainment of an EV-enriched pellet.

Factors including rotor type and sample viscosity

must be taken into consideration.40,41

Pros: well-established and accessible method.40

Cons: co-isolation mostly with HDL42; can result in

EV clumping and/or damage.43

Density Gradient

Centrifugation

A density gradient is applied to isolate EVs, which

distribute throughout a density gradient matrix

according to particle sedimentation and flotation

index. The EV isolation can depend on particle size

and mass density (‘‘top-down gradient’’) or mass

density only (‘‘bottom-up gradient’’). Sucrose and

iodixanol are the density media most often employed.

Pros: EV preparation obtained devoid of

protein contaminants.44

Cons: laborious, low throughput, and unable

of guaranteeing total depletion of lipoproteins.45

Size Exclusion

Chromatography (SEC)

SEC is a size- and shape-based method for EV isolation.

Samples flow through a stationary phase within a

chromatography column with a defined pore size,

whereby large particles elute earlier than smaller particles.

For optimization of EV yield, this method is used as a

first step in combination with other EV isolation methods.46

Pros: 99% of soluble plasma proteins, along

with >95% of HDL, are removed, EV integrity is

retained, and their biological activity is not impacted.

This method has the advantage of being fast and

straight-forward and does not require large starting

sample volumes.47

Cons: this method is prone to lipoprotein contamination.

The major co-isolated non-EV components are particles

above the size cutoff, which mainly include chylomicrons

(especially present in plasma from non-fasting subjects),

VLDLs, and LDLs.48

Ultrafiltration Based on particle size. The use of membrane filters

provides enrichment of EVs based on their size in relation

to membrane pore size, enabling separation from soluble

components. This method is often employed in

combination with other EV isolation techniques,

such as SEC.49

Pros: time efficient; capable of concentrating down

large volumes of starting sample; high EV recovery.50

Cons: presence of protein aggregates and lipoproteins

as major contaminants in the obtained EV isolate.51

Immunoaffinity This method is based on the interaction between specific

EV surface proteins and antibodies, which can be employed

to select desired EV populations or trap unwanted EV

populations (negative selection or immune-depletion).49

Pros: high-throughput technique as parallel

assays may be performed40; all particles that

do not bind to the protein of interest are removed.52

Cons: high costs and poor biological activity

of isolated EVs.53

HDL, high-density lipoprotein; EV, extracellular vesicles; LDL, low-density lipoproteins; SEC, size exclusion chromatography; VLDL, very low-density lipoproteins.
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platelet-derived vesicular entities were thought to represent the majority of circulating EVs (70%–90%), whereas studies then demonstrated

that these comprise around 30%–50% of total EVs within the circulation.60 Indeed, circulating EVs can derive from multiple cell types and

tissues and are not only involved in countless physiological processes (i.e., maintenance of homeostasis)61 but also recognized to be well-

established contributors to disease onset and progression.62 The ubiquitous release of EVs from cells into most biological fluids (i.e.,

blood, saliva, lymph, pericardial fluid, urine), along with the enrichment in biological cargo that reflects the state of their cellular origin,

bestows upon EVs the unique property of serving as readily accessible ‘‘molecular fingerprints,’’ providing a proxy measurement of tissues

and organs. This feature is what renders these nano-sized structures most attractive, as they potentially possess the characteristics of what

is defined as a ‘‘good biomarker.’’ This potential that EVs yield also owes to the fact that their internal content is protected, being enclosed

within a hydrophilic lumen surrounded by a phospholipid bilayer and is therefore shielded from enzymes that would catalyze their degra-

dation.63 Additionally, the enrichment of molecular cargo within EVs enables the detection of proteins and nucleic acids such as miRNAs
4 iScience 27, 109359, April 19, 2024



Table 2. Online databases that contain lists of RNA, proteins, lipids, and metabolites that are identified in EVs

Online resource Description

Vesiclepedia (http://microvesicles.org) Web-based manually curated collection of EV-associated molecular data,

including mRNAs, miRNAs, proteins, lipids, and metabolites from both

published and unpublished studies.79

EVpedia (http://evpedia.info) Integrated proteome, transcriptome, and lipidome database of EVs

derived from archaea, bacteria, and Eukarya, including human.

It allows to perform comparisons of vesicular datasets by ortholog

identification, Gene Ontology enrichment analyses, and network analyses

of vesicular proteins and provides databases of vesicular

mRNAs, miRNAs, and lipids.80

exoRBase 2.0 (http://www.exoRBase.org) exoRBase is a depositary of EVs long RNAs (exLRs) derived from

RNA-seq data analyses in four different human body fluids.

The exLRs contain messenger RNA (mRNA), long non-coding

RNA (lncRNA), and circular RNA (circRNA). The updated website

features the integration and visualization of RNA expression profiles,

as well as the functional pathway-level changes and the

heterogeneity of origins of circulating EVs.81

EV-TRACK Platform (http://evtrack.org) Knowledgebase that records experimental parameters of EV-related

studies and implements a bottom-up community consensus approach,

encouraging researchers to upload published and unpublished

experiments while providing feedback.82

exRNA Atlas (http://exrna-atlas.org) Repository including small RNA sequencing and qPCR-derived

exRNA profiles from human and mouse biofluids.83

EV, extracellular vesicle; RNA, ribonucleic acid.
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that would otherwise be missed,64 due to the high dynamic range of concentration of these molecules within biological fluids, especially in

blood plasma.65

The amount and type of biomolecular content loaded within and/or on EVs are influenced by the conditions of the releasing cells, along

with the stimuli that modulate their release, whether they be of physiological or pathological nature.66 Among the broad range of bioactive

molecules carried by EVs, RNA molecules, especially microRNAs (miRNAs), are garnering much interest in the emerging field of liquid bi-

opsies.67,68 Although the debate continues regarding the implication of EV-miRNAs in modulating biological activities at the molecular

level,69 given their low average copy number, it is clear that their concentrations are sufficient to influence cell programming.70 This is partic-

ularly noteworthy also given the well-established association between EV-miRNA expression patterns and certain cardiac diseases.71

Concerning EV protein content, whether they reside within the lumen, the membrane structure, or upon their outer surface, EV proteins

represent important elements that not only possess relevance for EV subtype classification,72–74 but also on a functional and clinical level.7 The

use of EV protein profiles, which sheds light on their cellular origin, is becoming increasingly popular to monitor disease onset and progres-

sion. By reflecting changes on a cellular level during certain stages of disease, EV proteins further support the plausibility of using these bio-

logical nanosized particles in a clinical context.75

Although lipids constitute basic structural and functional components of EVs, responsible for maintaining their stability within the extra-

cellular environment, bioactive lipidmediators shuttled by EVs also cover a significantly relevant role in EV biology.76 Indeed, EVs constitute of

membrane lipids organized in a bilayer structure. Studies have reported that cholesterol is the most present of lipids in EV preparations, rep-

resenting one of the main constituents of both the outer and inner EV plasma membrane. Phosphatidylserine has also been mentioned as a

relevant lipid in EV preparations and seems to have a functional role in signalingmechanisms with certain cell types.77 EVs are also enriched in

certain bioactive lipid species enclosedwithin the vesicular lumen. These biomolecules attractmuch attention in the context of EV biology not

only because of their potential role in biological processes but also given the possibility of using them as biomarkers for various diseases.78

Due to the clear relevance of the molecular composition of EVs, an online database called Vesiclepedia containing a list of EV-associated

lipids, metabolites, proteins, and RNA molecules has been developed, which users can either browse, query, or download.79 Other web-

based resources in which databases of EV-associated information can be found include EVpedia, exoRBase, EV-TRACK Platform, and exRNA

Atlas. For specifics on each database, refer to Table 2.

ROLEOFADIPOCYTE-DERIVED EVs IN ISCHEMIA/REPERFUSION INJURY, CORONARYATHEROSCLEROSIS, HEART

FAILURE, AND ATRIAL FIBRILLATION

Over the last decade, several strategies have been employed to promote cardiac repair, and in this context the role of the epicardium cannot

be overlooked. The epicardium is an evolutionarily conserved layer of mesothelium covering the outermost cell layer of the vertebrate heart.
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During fetal development, the epicardium serves as a progenitor source, contributing to the production of multipotent cells that subse-

quently give rise to the cardiac mesenchyme. Indeed, epicardium-derived progenitor cells undergo epithelial-to-mesenchymal transition,

invade the underlying myocardium, and differentiate into different cardiac lineages.84,85 Although the epicardium becomes dormant after

birth, functioning as a simple barrier between themyocardium and the pericardial cavity, cardiac injury reactivates the regenerative properties

of this tissue. Within this context, epicardium-derived cells play a crucial role; they are a powerful population of cardiac progenitor cells that

reinvoke an embryonic gene program and developmental characteristics following cardiac injury.86

A possiblemechanism throughwhich these cells exert effects on cardiomyocytesmay depend on EVs. Epicardial-derived EVs can promote

the proliferation of cardiomyocytes in either infarcted mouse hearts or human models of myocardial injury and have been observed to

improve contractile function.87 Another aspect worth considering is the role played by human amniotic fluid stem cells in cardiac repair

and multipotent mesenchymal progenitor cells whose secretome was found to send cardioprotective paracrine signals in a preclinical model

of rat myocardial ischemia/reperfusion injury.88 In this context, EVs isolated from human amniotic-fluid-derived stem cells can aid in cardiac

repair and trigger cardiac regeneration via paracrine modulation of endogenous mechanisms.89
Ischemia/reperfusion injury

Cell-based therapy (e.g., by combining human cardiac stem cells and bone marrow mesenchymal stromal cells) reduces scar size and re-

presses adverse remodeling secondary to myocardial infarction in preclinical models90 and in clinical trials of patients with ischemic cardio-

myopathy.91 EAT represents a depot of mesenchymal stromal cells possibly promoting cardiac regeneration following ischemic injury,92 and

so its potential role in aiding cardiac regeneration, particularly in response to ischemic insult, is an aspect worth considering. Administration of

EVs isolated from adipose-derived mesenchymal stromal cells in rats subjected to ischemia/reperfusion injury significantly reduced size of

myocardial infarction, along with serum levels of creatinine kinase-myocardial band, lactate dehydrogenase, and cardiac troponin I. The

apoptotic process was attenuated as highlighted by the upregulation of Bcl-2 and the downregulation of Bax and the reduced activity of Cas-

pase 3 in the rat myocardium. The benefit of administering EVs secreted by adipose-derived mesenchymal stromal cells was confirmed in a

model of embryonic rat cardiomyocytes (H9c2) exposed to hypoxia-/reoxygenation-induced apoptosis. At the molecular level, the enhanced

viability was related to the activation of Wnt/b-catenin pathway, an effect counteracted by the Wnt/b-catenin inhibitor XAV939.93

EAT-derived mesenchymal stromal cells are a highly heterogeneous population of cells that are potentially involved in cardiac regener-

ation. In a study conducted by Thankam et al., EAT-derived mesenchymal stromal cells were exposed to simulated ischemia and reperfusion

in vitro and subsequently underwent single-cell RNA sequencing, with the aim of identifying the different existing subpopulations in such

conditions. Interestingly, 18 unique EAT-derivedmesenchymal stromal cell clusters were identified, and the genes upregulated in these clus-

ters were involved inmyocardial homeostasis, cell integrity and cell cycle, prevention of fibroblast differentiation, differentiation tomyocardial

lineage, anti-inflammatory responses, prevention of endoplasmic reticulum-stress, and an improved energy metabolism. These findings not

only demonstrate the intrinsic heterogeneity of EAT-derivedmesenchymal stromal cells but also suggest that distinct subpopulations display

cardioprotective potential under ischemia.94 The same cellular model was employed to assess the potential impact of ischemic conditions on

the cargo of EVs isolated from EAT-derivedmesenchymal stromal cells. Indeed, EVs derived from ischemic EATDSwere discovered to harbor

ribosomal proteins (40SRPS18, 40SRPS30, 60SRPL14, and 40SRPSA), suggesting their potential extracellular function in the case of ischemic

stress.95 Additionally, the potential of mesenchymal stromal cells primed with EVs derived from EAT in cardiac healing was the aim of further

study by the same group.96 After the isolation of EAT-derived mesenchymal stromal cells and cardiac fibroblasts from Yucatan micro swine,

EAT-derived mesenchymal stromal cells were challenged with hypoxic medium for 2 h and then EVs were collected. Treatment of cardiac

fibroblasts with ischemic EVs caused them to shift toward a cardiomyocyte-like phenotype. The expression of cardiomyocyte-specific tran-

scription factors (e.g., GAT-4, Nkx2.5, IRX4, and TBX5) and of myofibroblast healing factors (e.g., a-SMA) were upregulated in cardiac fibro-

blasts; conversely, cardiac biomarkers including connexin-43 and troponin-I and fibroblast biomarkers including podoplanin, vimentin, and

FSP-1 (fibroblast-specific protein 1) were downregulated. LC-MS/MS analysis suggested that LGALS1 (galectin 1), PRDX2 (peroxiredoxin 2),

and CCL2 (monocyte chemoattractant protein-1) contained in the ischemic EVs facilitated survival responses in cardiac fibroblasts following

ischemia. These findings therefore imply that in the context of ischemic insult, EVs released from EAT-derived stem cells exhibit the capacity

to induce a regenerative phenotype in adult cardiac fibroblasts, which are therefore ‘‘reprogrammed’’ in a manner to mature into cardiomyo-

cytes and become part of the surviving myocardium. Overall, this study sheds light on the healing properties of EVs released from EAT-

derived stem cells, which harness great translational potential in the context of regenerative cardiology.96

Considering that diabetes mellitus is known to worsen myocardial ischemia/reperfusion injury, it is of interest to highlight how intramyo-

cardial injection of EVs derived from diabetic mice in the nondiabetic heart significantly exacerbated myocardial ischemia/reperfusion injury,

as evidenced by a poorer cardiac function recovery, larger infarct size, and greater cardiomyocyte apoptosis. Similarly, intramyocardial or sys-

temic administration of EVs isolated from diabetic adipocytes or high-glucose-/high-lipid-challenged nondiabetic adipocyte significantly

aggravated myocardial ischemia/reperfusion. A mechanistic investigation identified that miR-130b-3p was significantly increased in diabetic

serum EVs, diabetic adipocyte EVs, and those derived from high-glucose-/high-lipid-challenged nondiabetic adipocyte. AMPKa1/a2, Birc6,

and Ucp3 resulted to be the downstreammolecular targets mediating the pro-apoptotic effect driven by miR-130b-3p.97 Treatment with EVs

purified from patients with diabetes mellitus significantly exacerbated ischemia-/reperfusion-induced neonatal rat ventricular myocyte cell

death, an effect attenuated by a miR-130b-3p inhibitor.97 Within this context, it is worth mentioning that dysfunctional-adipocyte-derived

EVs isolated from patients with obesity/diabetes mellitus promote pathologic organ remodeling, including inflammatory cytokine release,

systemic insulin resistance, liver transforming growth factor beta (TGF-b) pathway dysregulation.98–100
6 iScience 27, 109359, April 19, 2024
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A further aspect to consider is the presence of brown adipose tissue within cardiac adipose tissue in the healthy state, which undergoes a

brown-to-white transition in obesity. Cardiac adipose tissue is phenotypically brown during the early stages of life and despite whitening with

age, it retains brown characteristics in adulthood. In order to provide clues regarding the cardiovascular benefits of brown-adipose tissue on

the heart, by using amurinemodel of myocardial ischemia/reperfusion injury, Zhao et al. found that brown-adipose-tissue-derived EVs partic-

ipated in exercise cardio protection by deliveringmiR-125b-5p, miR-128-3p, and miR-30d-5p to the heart, which suppressed the activation of

the proapoptotic-mitogen-associated protein kinase (MAPK) pathway.101

On the other hand, cardiomyocytes may adversely impact adipose function. The heart secretes various cytokines (known as cardiokines)

that mediate interorgan and intercellular communication. Cardiokines regulate lipid uptake, b-oxidation, lipolysis, lipid mobilization, and

mitochondrial biogenesis in adipocytes.102 EVs derived from cardiomyocytes can serve as cardiokines regulating the function of other cells,

such as bone marrow progenitor cells and adipose-derived mesenchymal stromal cells. By using a mouse model of myocardial ischemia/re-

perfusion, it was demonstrated that EVsmediated the communication between injured heart and adipose tissue, resulting in adipocyte endo-

crine dysfunction. When exposed to EVs isolated from ventricular cardiomyocytes from mice subjected to myocardial ischemia/reperfusion,

3T3-L1 adipocytes showed a reduced expression of adiponectin and leptin. In this study, the miR-23-27-24 cluster was the most important

molecule transported by EVs that induced endoplasmic reticulum stress in adipocytes. Endoplasmic reticulum is an important cytoplasm

organelle responsible for protein assembly and modification. Different pathological stresses lead to an imbalance between the demand

for protein folding and the capacity of the endoplasmic reticulum to perform such protein folding, thereby causing endoplasmic reticulum

stress. Finally, administration of cardiomyocytes-specific miR-23-27-24 sponges abolished adipocyte miR-23-27-24 elevation in animals

that had undergone myocardial ischemia/reperfusion, supporting the cardiomyocyte origin of adipocyte miR-23-27-24.103

The main findings of this section have been reported in Table 3.

Coronary atherosclerotic heart disease

It is known that the metabolism of EAT has an important connection to coronary atherosclerotic heart disease. Specifically, in the presence of

coronary atherosclerotic heart disease,metabolic disorders of EAT are observed, and it is thought that themetabolic dysfunction of this tissue

may be due to abnormal adipogenic differentiation of epicardial adipose stem cells. However, themechanisms throughwhich thesemay lead

to metabolic disruption have not been fully elucidated. In the study conducted by Yang et al.,104 it was observed that EAT-derived EVs in-

hibited the adipogenic differentiation of epicardial adipose stem cells. Additionally, EAT-derived EVs isolated from patients with coronary

atherosclerotic heart disease displayed an increased expression of miR-3064-5p. The latter is involved in the regulation of the adipogenic

differentiation of epicardial adipose stem cells through interaction with the gene neuronatin.104 In general, loss of neuronatin increases

the expression of UCP1 and the key genes in mitochondrial oxidative phosphorylation in primary subcutaneous white adipocytes, indicative

of a ‘‘browning’’ effect.106 Going back to the study by Yang, EVsmodified with themiR-3064-5p inhibitor significantly upregulated the expres-

sion of neuronatin protein in EAT stem cells, leading to an improved adipogenic differentiation. Thus, by inhibiting the transcriptional expres-

sion of neuronatin, EAT-derived EVs enriched in miR-3064-5p were identified as potential key players in the disruption of normal adipocyte

maturation of EAT stem cells, therefore providing a possible explanation behind the link between altered EAT metabolism and coronary

atherosclerotic heart disease.104 A further aspect to be considered in patients with an increased cardiovascular risk is the understanding

of how a dysregulated adipose tissuemetabolome can influence the vascular redox. By an unbiasedmetabolomic approach, Akawi et al. char-

acterized themetabolome differentially secreted by thoracic and subcutaneous adipose tissues isolated from obese patients with atheroscle-

rosis and demonstrated how thesemetabolites were linked to dysregulated vascular redox signaling in patients undergoing coronary bypass

surgery. Compared with subcutaneous adipose tissue, the thoracic depots secreted a higher amount of sphingolipid, with C16:0-ceramide

and derivates being the most abundant species released within adipocyte-derived EVs.105 In particular, plasma Cer16:0 is associated with an

increased risk for major adverse cardiovascular events, including heart failure and myocardial infarction.107,108

The main findings of this section have been reported in Table 3.

Heart failure

The various depots of EAT are known to contain adipose stem cells. Lambert et al. explored the distinct functional properties of the adipose

stem cells contained in two different EAT locations in the heart of transplant-eligible patients with advanced heart failure.92 EAT was isolated

from the apex of the heart and the area covering the epicardial arterial sulcus of the left anterior descending artery. EVs released by adipose

stem cells potentially have a role in mediating pro-angiogenic effects and spontaneous regeneration of damaged tissue, and it was demon-

strated how this effect may vary according to the presence of cardiovascular risk factors such as obesity and diabetes. In this case, the plu-

ripotency self-renewal properties of adipose stem cells are reduced. EVs released from ventricular myocardium adipose stem cells in

non-obese and non-diabetic heart failure patients contained a significantly higher amount of tissue factor compared with those of obese

and diabetic patients. In addition, non-obese and non-diabetic patients had EVs deriving from myocardium adipose stem cells that carried

a higher amount of miRNA126-3p,92 which is one of the most important miRNAs in angiogenesis.109 These EVs were able to improve micro-

vascular endothelial cell viability andmigration rate. The same effects were not observed in EVs isolated frommyocardium adipose stem cells

of obese and diabetic patients. This study therefore sheds light on the potential of exploiting adipose-stem-cell-derived EVs within EAT de-

pots in the stimulation of spontaneous regeneration and repair in the damaged myocardium of patients with advanced heart failure.92 In this

regard, it must be acknowledged that EVs released from subcutaneous adipose stem cells of obese subjects have impaired pro-angiogenic

potential and possess reduced miR-126 content.110
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Table 3. Myocardial regeneration upon ischemia/reperfusion injury and coronary atherosclerotic heart disease

Disease Experimental model Findings

Myocardial regeneration upon

ischemia/reperfusion injury93

1) Mesenchymal stromal cells isolated
from Sprague-Dawley rats

2) Embryonic rat cardiomyocytes (H9c2)
exposed to hypoxia/reoxygenation

� Implantation of EVs isolated from adipose-derived
mesenchymal stromal cells reduced the myocardial
infarction area in rat hearts subjected to ischemia/
reperfusion injury with an attenuation of the
apoptotic process

� EVs isolated from adipose-derived mesenchymal
stromal cells attenuated hypoxia-/reoxygenation-
induced apoptosis and promoted cell
survival in H9c2 cells

Myocardial regeneration upon

ischemia/reperfusion injury96

1) EAT-derived stem cells and cardiac
fibroblast were isolated from
Yucatan micro swine

2) Ischemic-EAT-derived stem cells were
obtained by 2-h exposure to ischemic
buffer; reperfusion was obtained with
complete media overnight

� EVs isolated from ischemic EAT-derived stem cells
lead to an increased mRNA expression of
cardiomyocyte lineage genes and a decreased
expression of fibroblast biomarkers in the
treated cardiac fibroblast

� EV treatment portended toward the upregulation
of cardiomyocyte specific transcription factors
and myofibroblast biomarkers and decreased
the cardiac and fibroblast biomarkers in
ischemic cardiac fibroblasts

� Protein mediators contained in ischemic
EVs were associated with biological processes
involved in cardiac regeneration and
inflammatory responses

Myocardial regeneration upon

ischemia/reperfusion injury97

1) Neonatal rat ventricular myocyte cell
2) C57B6/J mice were fed high fat

diet (HFD, 60% fat) for 12 weeks to
induce obesity/diabetes

3) Forty patients with type 2 diabetes
mellitus and forty healthy control

� Intramyocardial or systemic administration
of EVs isolated from diabetic adipocyte or
high-glucose-/high-lipid-challenged
nondiabetic adipocyte significantly
exacerbated myocardial ischemia/reperfusion

� miR-130b-3p enrichment in dysfunctional-
adipocyte-derived EVs exacerbated myocardial
ischemia/reperfusion injury in the diabetic heart

Myocardial regeneration upon

ischemia/reperfusion injury103

1) Sham-operated control animals or animals
subjected to 30 min MI followed
by 3-h reperfusion

2) 3T3L1 adipocytes

� Circulating EV in myocardial/reperfusion injury
animals may suppress adipocyte endocrine
function, adversely regulating systemic metabolism

� miR-23-27-24 cluster was the most important
molecule transported by EVs that induced
endoplasmic reticulum stress in adipocytes

Coronary atherosclerotic

heart disease104
EAT biopsy samples were collected from the

aortic root near the right coronary artery of

patients undergoing cardiac surgery

� EAT-derived EVs from patients with coronary
atherosclerotic heart disease inhibited adipogenic
differentiation of EAT stem cells in vitro

� miR-3064-5p was highly expressed in
EAT-derived EV

Coronary atherosclerotic

heart disease105
Patients undergoing cardiac surgery (n = 633);

paired biopsies of subcutaneous adipose tissue

(n = 48) and thoracic adipose tissue from 31

obese and 17 propensity-matched nonobese patients

� Thoracic adipose tissue volume was associated
significantly with arterial oxidative stress

� C16:0-ceramide and derivatives were the most
abundant species released within adipocyte-derived EVs

EAT, epicardial adipose tissue; HFD, high-fat diet; EV, extracellular vesicles; MI, myocardial infarction; n, numerosity.
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Cardiac insulin resistance represents a strong predictor for diabetic cardiomyopathy and subsequent heart failure. Wen et al. demon-

strated how the adipocytes within epicardial adipose tissue may play a role in the underlying mechanisms of insulin resistance in cardiac

cells.111 Hypertrophic 3T3-L1 adipocytes (obtained by incubating 3T3-L1 with palmitic acid) released EVs enriched inmiR-802-5p (a biomarker

for type 2 diabetes112), which caused insulin resistance in neonatal rat ventricular myocytes. Indeed, the insulin-stimulated phosphorylation of

AktT308 and insulin-stimulated glucose uptake was suppressed when compared with treatment with control-adipocyte-derived EVs. The

direct impact of miR-802-5p on insulin resistance in neonatal rat ventricular myocytes was confirmed by using miR-802-5p mimic and a

miR-802-5p inhibitor, which caused the phosphorylation of Akt to decrease and increase, respectively. In search of specific mechanisms,

EVs released by hypertrophic 3T3-L1 adipocytes reduced HSP60 protein levels in neonatal rat ventricular myocytes.111 The link between

EV-derived miR-807-5p and HSP60 was demonstrated when the miR-802-5p mimic significantly downregulated HSP60 protein levels in

neonatal rat ventricular myocytes. HSP60 is a mitochondrial chaperone protein with anti-inflammatory effects, whose loss determines mito-

chondrial functionality impairment, a known abnormality at the basis of cardiac insulin resistance and diabetic cardiomyopathy.113

Finally, in the context of browning, EAT of individuals with cardiac disease is associated with a brown-to-white trans-differentiation with a

significant decrease in thermogenic genes and an upregulation of white adipogenesis. This brown-to-white phenotype is associated with a

significant increase in the production of oxygen species by EAT with an enrichment of inflammatory biomarkers.20 In the context of brown
8 iScience 27, 109359, April 19, 2024



Table 4. Heart failure and atrial fibrillation

Disease Experimental model Findings

Heart failure92 EAT was obtained from 30 patients

undergoing cardiac transplant surgery

� EVs released by ventricular myocardium adipose
tissue significantly induced human microvascular
endothelial cell migration

� EVs released by ventricular myocardium adipose tissue
of non-obese and non-diabetic patients contain a significant
higher amount of tissue factor than those isolated from
obese non-diabetic patients

Heart failure111 1) Hypertrophic 3T3-L1 adipocytes
2) Neonatal rat ventricular myocytes

� Hypertrophic adipocyte-derived EVs highly expressed miR-802-5p
� EVs released by hypertrophic 3T3-L1 adipocytes reduced

HSP60 protein levels in neonatal rat ventricular myocytes

Heart failure114 1) Brown-adipocyte-specific b3-adrenergic
receptors (ADRB3) knockout mice and
littermate control mice

2) Brown adipocytes

� EV-bioactive enzyme inducible NOS from brown adipose
tissue promoted angiotensin-II-induced cardiac remodeling

� ADRB3 in brown adipose tissue negatively regulated EV-inducible
NOS and pathological cardiac remodeling

Atrial fibrillation10 EAT specimens were collected from patients

with (n = 32) and without AF (n = 30) during

elective heart surgery

� EAT-derived EVs from individuals with atrial fibrillation carried a
greater amount of IL-1a and IL-6, profibrotic cytokines, and
proteins involved in pathways related to fibrosis and hypertrophy

Atrial fibrillation115 EAT was isolated from 17 patients with symptomatic,

persistent, or long-standing persistent atrial

fibrillation who underwent thoracoscopic

pulmonary vein isolation

� miR-1-3p and miR-133a-3p were upregulated in EAT-derived
EVs compared to subcutaneous adipose tissue

� Overexpression of miR-1-3p and miR-133a-3p in neonatal rat
ventricular myocytes decreased conduction velocity and
increased conduction heterogeneity via reducing the
gene expression of Kcnj2 and Kcnj12

� Kcnj2 encodes Kir2.1, which is a subunit of the potassium
channel responsible for the inward rectifier potassium
current during cardiac repolarization

ADRB3, b3-adrenergic receptors; AF, atrial fibrillation; EAT, epicardial adipose tissue; EV, extracellular vesicles; IL, interleukin; n, numerosity; NOS, nitric oxide

synthase.
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adipose tissue-to-heart crosstalk, Lin et al. demonstrated that a specific knockout of b-adrenoreceptor 3 in brown adipose tissue leads to an

increased release of inducible nitric-oxide-synthase-containing EVs, which directly aggravate cardiac remodeling. Furthermore, EVs isolated

from brown adipocytes treated with a b-adrenoreceptor 3 antagonist accelerated angiotensin-II-driven cardiac remodeling, whereas EVs iso-

lated from adipocytes treated with a b-adrenoreceptor 3 agonist attenuated the pathological phenotype.114

The main findings of this section have been reported in Table 4.

Atrial fibrillation

In the context of CVD, atrial fibrillation is a condition that can form blood clots in the chambers of the heart and lead to stroke, heart failure,

and other cardiovascular complications. Patients with excess EAT are at increased risk of developing cardiac arrhythmias as EAT favors the

depolarization of the membrane of cardiomyocytes, slowing down conduction and facilitating re-entrance arrhythmias. Shaihov-Teper et al.’s

work represents a pillar study in this field, as it was demonstrated that EVs derived from EAT of patients with atrial fibrillation carried a distinc-

tive proinflammatory, profibrotic, and proarrhythmic signature.10 Specifically, patients with chronic atrial fibrillation released an increased

amount of EVs compared with both patients with paroxysmal atrial fibrillation or without atrial fibrillation. EAT-derived EVs from individuals

with atrial fibrillation carried a greater amount of interleukin (IL)-1a and IL-6, profibrotic cytokines (osteopontin), and proteins involved in path-

ways related to fibrosis and hypertrophy (TGF-b). This evidence was further confirmed by an increased expression of miRNA involved in profi-

brotic events (e.g., miR-146b, miR-133a, and miRNA-29a, involved in collagen synthesis and atrial remodeling). Adipose tissue has been

recently recognized as one of the most important sources of circulating-EV-containing miRNAs that can regulate gene expression even in

remote tissues.116 When EVs isolated from EAT of individuals with atrial fibrillation were incubated with pluripotent-stem-cell-derived cardi-

omyocytes, they induced a sustained reentry.10

The analysis of EAT and subcutaneous adipose tissue isolated from 17 patients with symptomatic, persistent, or long-standing persistent

atrial fibrillation who had undergone thoracoscopic pulmonary vein isolation showed that the EV concentration was higher in the EAT secre-

tome than in the subcutaneous adipose tissue secretome. Among 824 identified miRNAs carried by EVs, miR-1-3p and miR-133a-3p were

upregulated in EAT-derived EVs compared with subcutaneous adipose tissue. Due to the limited amount of RNA isolated from EVs and

the limited amount of EVs in the secretome, the authors performed the validation in tissue. All candidate miRNAs identified by sequencing

in EAT-secretome-derived EVs were expressed in EAT. In order to understand the contribution of miR-1-3p and miR-133a-3p in EAT-secre-

tome-induced arrhythmogenicity, the overexpression of these twomiRNAs in neonatal rat ventricular myocytes decreased conduction veloc-

ity and increased conduction heterogeneity via reducing the gene expression of Kcnj2 and Kcnj12.115 Kcnj2 encodes Kir2.1, which is a subunit

of the potassium channel responsible for the inward rectifier potassium current during cardiac repolarization. These findings could provide

further insight on a previous observation reporting that the secretome of EAT isolated from patients with atrial fibrillation slowed conduction,
iScience 27, 109359, April 19, 2024 9
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depolarized the resting potential, altered electrical cell-cell coupling, and facilitated re-entrant arrhythmias in neonatal rat ventricular

myocytes.117

The main findings of this section have been reported in Table 4.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

EAT is an ectopic fat depot that can functionally modulate the heart in a direct manner. EAT is a highly metabolically active tissue and secretes

bioactive molecules that are transported to the adjacent myocardium through vasocrine and/or paracrine pathways. Given the lack of

anatomical barriers separating the two tissues, the EAT secretome directly reaches the myocardium and coronary lumen.118 Considering

that strategies to regenerate cardiac tissue postinjury are limited and that heart transplantation remains the only ‘‘cure’’ for a failing heart,

it becomes of interest to consider the regenerative properties of EVs from certain cell sources, which can stimulate functional recovery of

injured hearts (e.g., EVs derived from EAT can carry mediators to the ischemic myocardium favoring a pro-healing phenotype). Conversely,

the dysregulation of EV signaling in injured tissues tends to contribute to maladaptive responses, including myofibroblast activation, cardi-

omyocyte hypertrophy, vascular destruction, or adipose endocrine dysfunction. Based on this knowledge, recent studies have tried to deliver

exogenous EVs therapeutically to the injured heart, with the aim of improving cardiac function. Although EVs deliver functional cargo with

decreased immune clearance when administered systemically to rodents, more evaluation in clinically relevant systems and direct, quantita-

tive comparison with liposome-based alternatives are required to comprehensively assess the risk-benefit ratio. Indeed, the immunogenicity

and biocompatibility of each individual EV formulationmust be evaluated, as in the case of liposomal carriers. In addition to organ distribution

studies and careful selection of EV labeling methods, studies evaluating repeated dosing under various regimes are required to allow further

clinical investigations.119 Within this context, to overcome some limitations of EVs such as inefficient cell targeting, on demand delivery, and

low yield, EV can be engineered by modifying the donor cells (e.g., stress induction or 3D cell culture) or by a direct modification of the EVs

(e.g., a direct loading ormembrane surface strategies).120 Efforts are already beingmade in deciphering themechanisms underlying targeted

EV uptake, through which the delivery of functional EV-encapsulated biomolecules to recipient cells occurs74; superiorly robust EV detection

methods will also contribute to the establishment of EV usage in clinical contexts.121

While short half-life and bioactivity in the circulation, dose selection, dosage strategy, route of administration, pharmacokinetics, or phar-

macodynamics represent first steps toward fostering the understanding of EVs,122 the development of detailedmechanistic understanding of

EVs in the heart also represents a significantly complicated roadblock to harnessing the clinical potential of cardiac EVs.123
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36. Bazzan, E., Tinè, M., Casara, A., Biondini, D.,
Semenzato, U., Cocconcelli, E., Balestro, E.,
Damin, M., Radu, C.M., Turato, G., et al.
(2021). Critical Review of the Evolution of
Extracellular Vesicles’ Knowledge: From
1946 to Today. Int. J. Mol. Sci. 22, 6417.
https://doi.org/10.3390/ijms22126417.

37. Welsh, J.A., Goberdhan, D.C.I., O’Driscoll,
L., Buzas, E.I., Blenkiron, C., Bussolati, B.,
Cai, H., Di Vizio, D., Driedonks, T.A.P.,
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46. Monguió-Tortajada, M., Gálvez-Montón, C.,
Bayes-Genis, A., Roura, S., and Borràs, F.E.
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Gärtner, K., Tagawa, T., Mejias-Perez, E.,
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