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Abstract: The epicardium is a very dynamic cardiac layer with pivotal contributions during cardio-
genesis, acting in the postnatal period as an apparently dormant single-cell layer. In mammalian
embryos, the epicardium, which originates form the proepicardium, translocates into the pericardial
cavity and subsequently rests on the surface of the myocardium. Later, it gives rise to the epicardium-
derived cells, which migrate into subepicardial space, invade the developing myocardium, promoting
its growth, and contribute to different cell types. Anomalies in the process of epicardial development,
the generation of epicardium-derived cells and their signaling mechanisms in different experimen-
tal models lead to defective cardiac development, reminiscent of human congenital heart diseases.
Furthermore, recent studies have reported that epicardial derivates in adults, i.e., epicardial adipose
tissue, are associated with electrophysiological cardiovascular anomalies. Herein, we provide a
state-of-the-art review focusing on both congenital and adult heart diseases associated with epicar-
dial development.
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1. Origin and Derivatives of the Epicardium

Structurally, the outer layer of the heart is known as the pericardium, consisting of an
anatomic cover that also includes the cardiac roots of the great vessels. It is constituted by
the fibrous and serosal pericardium layers. The most superficial layer is the fibrous peri-
cardium, formed by a connective tissue that surrounds the heart without being attached to
it. The serosal pericardium consists of two layers: the parietal pericardium, directly related
to the fibrous pericardium, and the visceral pericardium, also known as the epicardium,
the inner layer of the pericardium closely surrounding the underlying myocardium [1].

During development, the epicardium originates from an extracardiac primordium, the
proepicardium (PE), which is constituted by a cluster of mesothelial cells located on the
pericardial side of the septum transversum in mammalian embryos [2–6] (Figure 1). In the
early embryo, the epicardium adopts the form of a squamous cell epithelium, which either
rests directly on the surface of the myocardium or covers a subepicardial space populated
by mesenchymal cells [7]. It has been reported that the PE originates from the periphery of
the heart-forming fields in the lateral plate mesoderm (LPM) and is part of an early cardiac
progenitor lineage [8]. Interestingly, all the proepicardial cells are morphologically similar,
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but with distinct differentiation potential identified via different marker expression [9].
Therefore, the detailed composition and the functional role of the epicardium are not
fully known.
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Figure 1. Schematic representation of the origin and development of the embryonic epicardium.
The image illustrates the formation of the proepicardium (PE), its migration towards and subse-
quent lining of the naked embryonic myocardium via cyst delivery into the pericardial cavity. The
plausible involvement of defective PE/epicardial development in distinct congenital heart diseases
is also depicted. SV, sinus venosus; PE, proepicardium; A, embryonic atrium; V, embryonic ven-
tricle; OFT, outflow tract; RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle;
CHD, congenital heart disease; CA, coronary arteries; VSD, ventricular septal defect; WPW, Wolf–
Parkinson–White syndrome; LVNC, left ventricular non compaction; ARVC, arrhythmogenic right
ventricular cardiomyopathy.

After PE formation, PE translocation to the myocardium takes place via the release
of free-floating cell clusters (or cysts) into the pericardial cavity in mice [10–13] (Figure 1).
After attachment to the myocardial surface, cells start to migrate laterally, until the entire
heart is enveloped by the epicardium [4]. Once the epicardium is established, epicardial
cells will directly start to participate in the formation of the cardiac walls. A subset of
epithelial cells will undergo a epithelial to mesenchymal transition (EMT), giving rise to
epicardium-derived cells (EPDCs), which migrate into a matrix-rich subepicardial layer,
defining the subepicardium [14–16]. Noticeably, the presence of differences between the
atrial and ventricular epicardium during human epicardial development has been re-
ported [17]. Furthermore, relevant differences, both in terms of the overlying epicardial
structure and EPDC differentiation potential ex vivo, were observed between ventricular
and atrial chambers. These data indicate heterogeneous distribution during development
and regional contributions to phenotypes underlying human birth defects. From the subepi-
cardium, mesenchymal EPDCs invade the myocardium in a spatiotemporally regulated
fashion, in which factors expressed by the underlying myocardium define the likelihood
of EPDC migration and also possibly differentiation [16,18]. EPDCs present multi-lineage
potential, giving rise to smooth muscle cells (SMCs), which will later form the coronary
vessels together with cardiac fibroblasts (CF) in a developed heart [13–18]. Additionally,
in mice, EPDCs have been reported to be contributors to cardiomyocytes (CMs) and car-
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diac endothelial cells (ECs), although this potential differentiation is still under scientific
discussion [13,14,19–22].

Unlike in development, the postnatal mammalian epicardium seems to be a dormant
single-cell layer, probably due, at least in part, to the fact that embryonic genes involved in epi-
cardial activation, such as WT1, Tbx18, Tcf21 and Raldh2, are severely down-regulated [23,24].
However, more recent studies [25] integrating single-cell sequencing and spatial transcrip-
tome technology revealed that several markers, including Wt1, Tbx18, Upk1b and Upk3b, were
expressed during development in both the epicardium from embryonic epicardial tissue (EET)
and the postnatal epicardial tissue (PET). Nevertheless, some other genes, just like Nnat and
Tcf21, presented high expression in EET but not in PET, thus revealing the cellular and temporal
heterogeneity of epicardial cells during development. In light of this, a comparative study on
human epicardial cells between fetal and adult hearts, at a single-cell resolution [26], showed
both compositional and molecular differences between them, revealing, as a fundamental
characteristic, that the adult epicardium has a limited population of mesenchymal EPDCs.

Additionally, previous studies have shown, in mice, that the extracellular matrix (ECM)
is a crucial factor in EMT and EPDC generation during cardiac development [27]. In this
sense, during development, an epicardial gene marker, epidermal growth factor-containing
fibulin extracellular matrix protein 1 (Efemp1), showed increased and maintained expression
in the mature epicardium, thus playing an important role in the mature epicardium by
regulating ECM signaling pathways [25].

2. The Role of the Embryonic Epicardium in Adult Structural Heart Diseases

As previously said, the embryonic epicardium plays essential roles in cardiac develop-
ment, firstly by giving rise to a mesenchymal cell population (EPDC) that migrates into the
myocardium and has the capacity to differentiate into cardiac fibroblasts, vascular smooth
muscle cells and a small fraction of the coronary endothelium. Secondly, it secretes factors
necessary for cardiomyocyte growth and maturation [11]. In this context, EPDCs express
a number of FGFs, particularly FGF-9, that induce cardiomyocyte proliferation through
FGFR1c and FGFR2c [28]. On the other hand, myocardial FGF-10 signaling through epicar-
dial FGFR2b promotes EPDC invasion and differentiation into fibroblasts [29]. Another
epicardial mitogen for cardiomyocytes is IGF-2 [30,31]. These signaling mechanisms are
regulated by retinoic acid (RA), which stimulates the epicardial secretion of trophic signals.
RA is synthesized in the epicardium by the enzyme RALDH2 [32].

Thus, the developing epicardium is currently recognized as an essential protagonist of
0cardiac development [33–35]. Anomalies in the process of epicardial development, the
generation of EPDCs and their signaling mechanisms could be responsible for defective
cardiac development contributing to congenital heart disease (CHD). It is estimated that
almost 8 million children are born annually in the world with congenital defects (CD), and
CHD comprises the most frequently occurring severe congenital malformations, affecting
8.2 per 1000 newborns in the world [36].

At present, there is no clear evidence of the involvement of a defective epicardial de-
velopment in human CHD. However, a number of animal models displaying anomalies in
the formation of the epicardium or EPDCs show phenotypes that can be linked to the patho-
physiology of some CHDs (Figure 1). We will review some reports that suggest a potential
association between structural defects of the adult heart and epicardial maldevelopment.

2.1. Holt–Oram Syndrome

Holt–Oram syndrome is an autosomal dominant condition considered a rare dis-
ease. This syndrome is caused by mutations in the TBX5 gene and it is characterized by
structural cardiac abnormalities, the commonest including atrial and/or ventricular septal
defects [37,38]. Tbx5 is dynamically expressed in epicardial progenitors and their lineages
during embryonic development. The conditional deletion of Tbx5 in the epicardium of
mouse embryos provoked a significantly reduced ratio of newborn mutants [39]. Tbx5
deficiency did not alter proepicardial cell proliferation, apoptosis or polarity, but the epi-
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cardium showed deficient attachment to the cardiac surface and reduced proliferation.
Despite the normal expression of EMT markers, mutant embryos showed a strong reduc-
tion in the number of EPDCs invading the myocardium, a decrease in vascular smooth
muscle cell recruitment and a smaller number of cardiac fibroblasts. Since these cells are
essential for coronary development, the cardiac vasculature was also impaired, with a
45% reduction in PECAM-1-positive capillary density in mutant hearts. Cardiomyocyte
proliferation was also reduced by about a half in E12.5 mutant embryos compared to that
in wildtype embryos, and myocardial apoptosis was observed in E14.5 mutant embryos.
Muscular and membranous ventricular septal defects were seen in 15% of E15.5 mutant
embryos. Interestingly, these features, a thin myocardium and ventricular septal defect,
are reminiscent of Holt–Oram syndrome. Thus, the impaired function of TBX5 in the
epicardium could be responsible for a significant part of the phenotype seen in human
Holt–Oram syndrome patients. This phenotype could be caused by anomalies in the main
roles normally played by EPDCs, their contribution to coronary development and the
production of paracrine growth factors for the myocardium.

2.2. Meacham Syndrome

Meacham syndrome is an extremely rare condition characterized by abnormal geni-
tourinary development, complex congenital heart disease and diaphragmatic abnormalities.
The only genetic anomaly hitherto associated with Meacham syndrome has been mutations
in Wilms’ tumor suppressor gene (WT1) [40]. Two patients, who died six days and three
years after birth, had heterozygous missense mutations in WT1, namely Arg366Cys (exon 8)
and Arg394Trp (exon 9). Since Wt1 is expressed in the embryonic epicardium, the authors of
this study suggested that the cardiac defects observed in patients with Meacham syndrome,
mainly ventricular and atrial septal defects, could be related to the defective development
of the epicardium and EPDCs. However, further information will be necessary to test
this hypothesis, since the two patients with Meacham syndrome bearing WT1 mutations
showed no congenital cardiac defects. Intriguingly, the very same mutations were found
in two patients with Denys–Drash syndrome, a disease caused by WT1 gene mutations
characterized by the impaired development of the kidneys and reproductive organs, diffuse
glomerulosclerosis and gonadal dysgenesis. The identity of the mutations in Meacham
and DDS points to some phenotypic overlap between these syndromes. Since congenital
heart defects are normally absent in Denys–Drash syndrome, the relationship between WT1
mutations in the epicardium and Meacham syndrome remains a hypothesis.

2.3. Left Ventricular Non-Compaction

As we have described above, several FGFs and IGF-2 secreted by the epicardium are
potent mitogens that regulate cardiomyocyte proliferation in the embryonic ventricular
wall. For that reason, a number of animal models of defective epicardial development
show a thinning of the ventricular wall, a phenotype that might be related to the human
condition known as left ventricular non-compaction.

For example, β-catenin deletion in the proepicardium results in a thin ventricular
myocardium and embryonic death [41]. The mucin-like transmembrane glycoprotein
podoplanin is expressed by the epicardium, and its loss of function causes defective
epicardial development together with a hypoplastic, perforated, compact and septal my-
ocardium [42]. The epicardial deletion of Wilms’ tumor suppressor gene (Wt1) also results
in a thin ventricular myocardium. The epicardial deletion of Notch1 disrupts coronary
artery differentiation and also reduces ventricular wall thickness and myocyte proliferation.
More recently, the expression of the angiogenic hormone, prokineticin-2 and its G-protein-
coupled receptor PKR1 in the epicardium has been reported as required for normal cardiac
development. Their dysfunction can have consequences on the structure and function of
the adult heart. The conditional deletion of PKR1 in the murine epicardium causes partial
embryonic and postnatal lethality. Adult survivors display a thinner ventricular wall,
ischemic cardiomyopathy and systolic dysfunction [43]. Finally, collagen- and calcium-
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binding EGF-like domain 1 (CCBE1), a secreted extracellular matrix protein, is expressed
by embryonic epicardial cells. CCBE1 knockout mice show thin and hyper-trabeculated
ventricular myocardium [44]. In mutant hearts, epicardial and myocardial proliferation
decreases, the number of EPDCs invading the myocardium is reduced and EMT markers
are deregulated.

Not all the genetic alterations in the epicardial development result in a thinner ventric-
ular wall. NFATC1, a transcription factor of the NFAT family, is expressed in the embryonic
epicardium and it has a crucial role in promoting the invasion by EPDCs of the myocardium.
The epicardial deletion of NFATC1 impairs the migration of EPDCs and leads to an abnor-
mally compact ventricular wall defect in vessels and fibrous tissue [45]. These embryos
show a decreased expression of cathepsin K, an enzyme necessary for extracellular matrix
degradation and cell invasion. In this case, the epicardium is able to promote myocardial
growth, but EPDCs fail in the invasion of the cardiac wall.

2.4. Endocardial Fibroelastosis

Endocardial fibroelastosis (EFE) is a disease that affects infants and children, although
rarely appears in adults. This disease consists of severe ventricular endocardium thickening
due to the abundance of subendocardial fibrous tissue composed of collagen and elastin.
It was thought that this fibroelastic tissue derived from endocardial cells underwent an
aberrant endothelial-to-mesenchymal transition. A recent study in a murine model of EFE
demonstrated that neonatal endocardial cells do not contribute to the fibroblasts causing the
disease. Lineage tracing of embryonic epicardial-derived cells suggested that they served as
the major source of EFE fibroblasts [46]. These authors observed an upregulation of TGFβ
signaling in the epicardial-derived cells of the EFE murine model. The TGFβ antagonist
BMP7 reduced fibroblast accumulation and fibrosis in the mice. Thus, the deregulation of
embryonic epicardium-derived cells can be responsible for this disease in humans.

2.5. Abnormal Patterning of the Coronary Arteries

The abnormal patterning of coronary vascularization can also be related with anoma-
lies in epicardial development. CCBE1 is an extracellular matrix protein involved in the
migration of lymphatic endothelial cells, and also in angiogenesis. CCBE1 is expressed in
the embryonic epicardium and sinus venosus, and its loss of function causes the defective
development of coronary vessels as well as the delayed development of the coronary artery
trunks and the anomalous position of the coronary orifices in the aorta [44]. Ccbe1 is first
expressed in the epicardium and it accumulates over the ventricular surface, participating
in the maturation of VEGF-C propeptides. In this way, the embryonic epicardium could be
involved in anomalies similar to those in the condition known as low origin of the coronary
arteries (LOCA) [47].

2.6. Arrhythmogenic Right Ventricular Cardiomyopathy

The epicardium has been considered relevant to the pathophysiology of arrhythmo-
genic right ventricular cardiomyopathy, a congenital disorder that causes progressive
replacement of the right ventricular myocardium by fibrofatty tissue. This disease is caused
by mutations in a number of genes, most of them coding for desmosomal proteins. The
desmosomal protein plakophilin-2 (PKP2) is expressed in the embryonic epicardium and
EPDCs. PKP2 knockdown in epicardial explants from neonatal rat hearts increases prolifer-
ation, differentiation into smooth muscle cells and also the expression and accumulation
of lipid markers. These observations suggest a relationship between anomalies in PKP2
expression in the early epicardium and the pathophysiology of arrhythmogenic right
ventricular cardiomyopathy [48].

Desmoplakin is another desmosomal protein expressed in the myocardium and epi-
cardium. A conditional heterozygous mutation in the epicardium of desmoplakin in
newborns provoked premature death, cardiac dysfunction, arrhythmias, myocardial fibro
adipogenesis and apoptosis [49]. A haploinsufficiency of desmoplakin in the epicardial
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cells caused cardiac dilatation and dysfunction at 6 months of age, with a reduction in left
ventricular wall thickness, fractional shortening and ejection fraction. In addition, mutant
mice exhibited paroxysmal supraventricular tachycardia, a ventricular trigeminal rhythm
and second-degree atrioventricular blocks. Epicardial cells with a heterozygous deletion of
desmoplakin gave rise to clusters of EPDCs expressing paracrine factors, including TGFβ1
and FGFs, which have well-established roles in the pathogenesis of myocardial pathology,
including arrhythmogenic right ventricular cardiomyopathy [50].

Thus, anomalies in the expression of desmosomal proteins by embryonic or very early
epicardial cells cause myocardial fibro-adipogenesis and cardiac dysfunction, contributing
eventually to the pathogenesis of arrhythmogenic cardiomyopathy.

2.7. Ventricular Septal Defect

The developing epicardium has also been related to the normal process of ventricular
septation [51,52]. During development, the anterior wall of the ventricle folds, forming an in-
terventricular septum and trapping the epicardium in the midline. The infolded myocardium
contributes to the anterior part of the interventricular septum. The function of these epicardial
cells is uncertain, but some models of defective epicardial development in mice and chickens
display defective interventricular septum formation. Thus, defective epicardial development
might also be connected with anomalies in the interventricular septum.

2.8. Ebstein’s Anomaly and Wolff–Parkinson–White (WPW) Syndrome

Ebstein’s anomaly is a rare congenital defect that affects the tricuspid valve. Valve
leaflets are abnormally shaped or the valve is placed lower than normal. Part of the mi-
grating EPDCs populate the subvalvular ventricular myocardium at the level where it
delaminates and forms tendinous chords. Impaired EPDC migration might cause anomalies
in this process, leading to tricuspid valve displacement, as seen in Ebstein’s anomaly [4].
On the other hand, EPDC-derived fibroblasts contribute to the annulus fibrous tissue that
insulates the atrioventricular junction. Impaired migration of EPDCs causes the persistence
of myocardial accessory atrioventricular pathways and ventricular preexcitation [53]. This
is a characteristic of Wolff–Parkinson–White syndrome, which is often associated with Eb-
stein’s anomaly and sometimes to ventricular non-compaction. It is interesting that severe
AV endocardial cushion defects and a thin myocardium also appear after the epicardial
deletion of transcriptional regulator FOG-2 in mice. All these data suggest that abnormal
epicardial development can be related to structural defects in the atrioventricular canal.

3. The Role of the Embryonic Epicardium in Adult Electrophysiological
Heart Diseases

As previously stated, the embryonic epicardium give rise to distinct cardiovascular
cell types during cardiogenesis. Verhuele et al. [54] nicely reported that the loss of ep-
ithelial continuity in the epicardial layer, as a consequence of endomysial fibrosis, led
to increased complexity in atrial fibrillatory conduction, supporting a causative link be-
tween the epicardium and atrial fibrillation (AF). More recently, Yamaguchi et al. [55]
nicely demonstrated, using a Tbx18Cre driver in mice, that the adipose tissue around
the heart is also an epicardial derivative, and for that reason is regarded as epicardial
adipose tissue (EAT). Furthermore, these authors demonstrated that, although the extent of
cardiac adipose tissue is consistently different in mice and humans, epicardial cells from
both species have the capacity of transforming into adipocytes in vitro, a process that is
mediated by PPARγ.

Over the last decade, we have witnessed compelling evidence of the causal relation-
ship between EAT deposition and the occurrence of distinct cardiac electrophysiological
pathologies, particularly atrial fibrillation [56–62] (Figure 2). It is important to highlight
in this context that EAT deposition has been related to AF incidence in association with
both ST elevation (STEMI) [63] and non-ST elevation (NSTEMI) in myocardial infarction
patients [64]. Atrial EAT volume, measured via multidetector computed tomography, has
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also been directly related to distinct types of AF in the context of coronary artery diseases
(CAD) [65]. Curiously, these authors also reported that ventricular EAT volume was also
significantly associated with CAD, irrespective of AF, supporting the notion that an uneven
chamber-specific distribution of EAT might be direct related to the pathogenesis of AF or
CAD, respectively, probably influencing local inflammatory processes [65]. EAT volume
and/or thickness, measured via computed tomography or transthoracic ecocardiography,
are also associated with isolated permanent AF [66], as well as with AF recurrence after
ablation [67,68], coronary artery bypass [69], hemodialysis [70] or an AF adverse outcome,
particularly chronic heart failure [71]. Besides AF, EAT deposition has also been related
to atrial conduction abnormalities [72,73], characterized by slower conduction, greater
electrocardiogram fractionation, increased fibrosis and impaired subcellular localization of
connexin 40, which becomes prominently distributed in the lateral cardiomyocyte sides.
Additionally, atrial dysfunction in the absence of CAD and/or AF is also associated with
EAT deposition [60].
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Figure 2. Schematic representation of the contribution of the epicardial adipose tissue to cardiac
diseases. The image illustrates the lining of the adult epicardium, its contribution to the epicardial
adipose tissue (EAT), which is particularly abundant in the atrial region. Similarly, the correlation of
abnormal EAT deposition and/or EAT signaling in relation to atrial fibrillation in distinct clinical
settings is also shown. RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle; SVC,
superior vena cava; AO, aorta; PA, pulmonary artery; EAT, epicardial adipose tissue.

An understanding of the cellular and molecular mechanisms that link excessive EAT
deposition and distinct cardiac electrophysiological pathologies is progressively emerging.
Several authors have reported that distinct signaling pathways emanating from EAT can
serve as a substrate to increase atrial fibrosis and/or fibrofatty infiltration, thus enhancing
the vulnerability to AF [74,75]. In particular, Abe et al. [74] highlighted the relevance of
increased macrophage infiltration, the upregulation of proinflammatory markers such as
interleukin-6 (IL6) and tumor necrosis α (TNFα), angiogenic growth factors such as vascular
endothelial growth factor (VEGF) and matrix metalloproteinases in EAT, demonstrating
that fibrotic remodeling and cytokine/chemokines release from EAT are associated with
atrial myocardium fibrosis, a well-known substrate of AF. This same group of researchers
further demonstrated that Angptl2, a previously reported cytokine highly expressed in EAT,
played a crucial role promoting EAT-induced atrial inflammation and fibrosis [75]. Wang
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et al. [76] analyzed the adipokine expression level of EAT in sinus rhythm and AF patients,
demonstrating that the expression of connective tissue growth factor (cTGF) is significantly
higher in AF patients. Importantly, such an increased expression of cTGF is exclusively
observed in EAT samples, as compared to other fat depots such as the subcutaneous adipose
tissue (SAT) or the paracardial adipose tissue (PAT) of the same AF patients.

Similarly, inflammatory processes in EAT have been recently associated with AF on-
set [77–80]. EAT adiponectin signaling [81] and EAT-driven endothelial dysfunction [82]
can influence AF vulnerability. In this context, Liu et al. [80] demonstrated that interleukin-
1β expression was significantly increased, while adiponectin was decreased in EAT samples,
but not in the serum, of persistent AF patients. Additional evidence of the role of EAT-
derived inflammatory signaling was reported by Li et al. [81] in an experimental model
of rapid atrial pacing (RAP) in dogs. These authors demonstrated that canine RAP leads
to increased reactive oxygen species (ROS) accumulation, the upregulation of nuclear
factor kappa-B (NF-kB), IL6 and TNFα, and in transforming growth factor β1 (TGFβ1)
expression in both the left atrial tissues as well as in EAT. PPARγ and adiponectin on
the other hand were significantly downregulated in EAT. Importantly, the expression of
these molecules was reversed via metformin administration, correlating with an improve-
ment in electrophysiological parameters. In vitro experiments further demonstrated that
adiponectin administration reduced the inflammatory response as well as sarcoplasmic
reticulum calcium-handling dysfunction. Importantly, these molecular mechanisms can
be mediated by extracellular vesicles emanating from EAT, thus facilitating atrial fibrilla-
tion [83], a process that might be mediated by complex lncRNA-microRNA gene regulatory
networks as recently reported by Liu et al. [84] and further supported by differential ncRNA
expression in EAT from AF patients [85].

Importantly, evidence of distinct EAT interventions, such as botulinum toxin injection
or statin treatment, can influence the recurrence of atrial fibrillation [86,87], opening up
new therapeutic avenues.

4. Conclusions and Perspectives

Over the last decades, we have witnessed increasing evidence of the functional role
of the embryonic epicardium, not only as a source of multiple cardiovascular cell types,
such as cardiac fibroblasts and distinct vascular cells, but also as a key signaling layer
for the proper development of the myocardial chambers ( for a recent review, see [88]).
Furthermore, increasing evidence demonstrated that an impairment of the epicardium or
epicardial-derived cells leads to cardiac abnormalities. Therefore, the plausible implication
of the embryonic epicardium in distinct congenital heart diseases, as reported in this review,
might not be surprising.

Our current understanding of the underlying molecular mechanisms remains poorly
explored. However, the advent of novel technological tools such as single-cell and spatial
transcriptomics will certainly enhance our understanding [24,25,89–91]. In this context,
single-cell transcriptomics have already revealed substantial gene expression differences
between human embryonic and postnatal epicardial cells [24,25] and identified novel
players in epicardial EMT [89,91]. Additionally, the generation of novel experimental
models based on organoids or spheroids, but specifically applied to the multipotential
epicardium, i.e., epicardioids, as reported by Meier et al. [92], will further widen our
understanding of the contribution of the epicardium to cardiac diseases.

In recent years, the contribution of the epicardium has been extended to the epicardial
adipose tissues adjacent to the adult heart. Importantly, abundant evidence has been re-
ported on the correlation between epicardial adipose tissue deposition and the occurrence
of electrophysiological abnormalities, particularly atrial fibrillation. Noticeably, emerging
molecular mechanisms have been already reported in this context, suggesting a pivotal
role for inflammation and fibrosis as key triggering mechanisms of electrophysiological
disorders of the adjacent atrial myocardium. To date, no single-cell or spatial transcriptomic
analyses of EAT have been performed in AF patients. However, a seminal work by Zhou
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et al. [93] reported six distinct EAT cell populations in heart failure patients, and identified
the role of impaired zinc and copper ion homeostasis. In the next coming years, we will
witness increasing evidence of the pivotal role of the embryonic epicardium and its devel-
opmental and adult derivates, in distinct cardiovascular diseases, therefore challenging the
classical notion that they constitute a dormant single-cell layer.
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