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Abstract Obesity and diabetes are strongly associated with
metabolic and cardiovascular disorders including dyslipid-
emia, coronary artery disease, hypertension, and heart failure.
Adipose tissue is identified as a complex endocrine organ,
which by exerting a wide array of regulatory functions at the
cellular, tissue and systemic levels can have profound effects
on the cardiovascular system. Different terms including
“epicardial,” “pericardial,” and “paracardial” have been used
to describe adipose tissue deposits surrounding the heart.
Epicardial adipose tissue (EAT) is a unique and multifaceted
fat depot with local and systemic effects. The functional and
anatomic proximity of EAT to the myocardium enables endo-
crine, paracrine, and vasocrine effects on the heart. EAT dis-
plays a large secretosome, which regulates physiological and
pathophysiological processes in the heart. Perivascular adi-
pose tissue (PVAT) secretes adipose-derived relaxing factor,

Brief Summary Epicardial adipose tissue (EAT) and perivascular adi-
pose tissue (PVAT) act as a local storage of free fatty acids to meet the
energy demands of'the heart. Due to a close proximity to the myocardium,
EAT and PVAT transform into a risk factor when it undergoes a pheno-
typic transformation and secretes pathogenic adipokines adversely affect-
ing the myocardium and coronary arteries. An association between EAT
thickness, volume, and quality with the progression of heart failure and
coronary artery disease is well established.
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which is a “cocktail” of cytokines, adipokines, microRNAs,
and cellular mediators, with a potent effect on paracrine regu-
lation of vascular tone, vascular smooth muscle cell prolifer-
ation, migration, atherosclerosis-susceptibility, and restenosis.
Although there are various physiological functions of the EAT
and PVAT, a phenotypic transformation can lead to a major
pathogenic role in various cardiovascular diseases. The equi-
librium between the physiological and pathophysiological
properties of EAT is very delicate and susceptible to the influ-
ences of intrinsic and extrinsic factors. Various adipokines
secreted from EAT and PVAT have a profound effect on the
myocardium and coronary arteries; targeting these adipokines
could be an important therapeutic approach to counteract car-
diovascular disease.
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Abbreviations

ACE2 Angiotensin-converting enzyme 2
ADRF  Adipocyte derived-relaxing factor
Ang Angiotensin

ATM Adipose tissue macrophages

BAT Brown adipose tissue

CAD Coronary artery disease

CMR Cardiac magnetic resonance

CT Computed tomography
EAT Epicardial adipose tissue
H,0, Hydrogen peroxide (H»0,)
H,S Hydrogen sulfide

HF-pEF  Heart failure with preserved ejection fraction
JNK c-Jun N-terminal kinase

MCP-1  Monocyte chemoattractant protein-1

NF-kB  Nuclear factor k3

NO Nitric oxide

PVAT Perivascular adipose tissue
TLR Toll-like receptor

TNF-o«  Tumor necrosis factor
UCP1 Uncoupling protein 1
Introduction

Obesity and diabetes are growing global health problems and
result in increased healthcare burden and decreased life expec-
tancy. Obesity and diabetes are strongly associated with met-
abolic and cardiovascular disorders including dyslipidemia,
coronary artery disease (CAD), hypertension, and heart failure
(HF). In fact, obesity itself'is a risk factor for the development
of heart failure with preserved ejection fraction (HF-pEF),
independent of other co-morbid conditions [1-4]. Adipose
tissue is increasingly being realized to contribute to physio-
logical regulation and pathophysiological processes. Adipose
tissue is a complex endocrine organ, which exerts a wide array
of subtle functions at organ levels resulting in profound effects
at the system levels, including the cardiovascular system.
Adipose tissue secretes multiple factors exerting exocrine
and paracrine effects on the heart and vasculature. These fac-
tors may alter cardiac cell metabolism, functions of endothe-
lial cells, arterial smooth muscle cells, and inflammatory cells,
leading to the development of cardiovascular disease.
Adipose tissue is classified into, at least, two functionally
distinct types, white adipose tissue and brown adipose tissue
(BAT), both of which have different physiological roles as-
cribed to them. White adipose tissue is primarily involved in
fat storage (as a store of energy) and the release of various
hormones, adipokines, and cytokines which exhibit paracrine
and endocrine effects and regulate whole-body metabolism
[5]. Additionally, it also acts as an insulator and protects other
organs from thermal and mechanical damage [6]. White adi-
pose tissue can be broadly classified into the visceral and
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subcutaneous adipose tissues. The visceral adipose tissue sur-
rounds various organs, and include omental, mesenteric, me-
diastinal, perivascular, and epicardial adipose tissue (EAT)
[7]. Subcutaneous, or non-visceral, adipose tissue is located
just beneath the skin and although less metabolically active
than visceral adipose tissue, it is primarily involved in the
storage of triacylglycerols and the supply of free fatty acids
during periods of fasting, starvation, or exercise. BAT pos-
sesses unique non-shivering thermogenic ability, which is at-
tributed to the mitochondrial protein uncoupling protein 1
(UCP1), and hence, is involved in thermoregulation [8, 9].
These adipose tissue depots are distinct from the myocardial
fat deposition, which refers to as the storage of triglyceride
droplets within cardiomyocytes [10].

In humans, fat depots surround nearly all arteries and the
heart. Two anatomically distinct adipose tissues around the
heart (in non-obese individuals without any clinical signs of
cardiovascular diseases) covers 80% of the heart’s surface and
constitutes 20% of total heart weight [11]. These adipose tis-
sues are referred to as (i) epicardial adipose tissue (EAT; the
adipose tissue located between the myocardium and the vis-
ceral pericardium) and (ii) pericardial adipose tissue (adipose
tissue located outside the visceral pericardium) which includes
the perivascular adipose tissue (PVAT). In this review, our
primary focus is on the EAT and PVAT surrounding the coro-
nary arteries as metabolic transducers in the regulation of car-
diac and coronary artery functions and their role in HF and
CAD.

Adipose tissue around the heart: epicardial vs.
pericardial

In a human heart, EAT is located in atrioventricular and inter-
ventricular grooves, surrounding the major branches of coro-
nary arteries, atria, right ventricular free wall, and apex of the
left ventricle (Fig. 1) [12]. Irrespective of the location, adipose
tissue surrounding a vessel is referred to as perivascular adi-
pose tissue (PVAT), and all coronary arteries are surrounded
by a significant amount of PVAT (Fig. 1). Both the EAT and
PVAT have key roles in the regulations of cardiovascular
physiology and pathophysiology. The anatomical importance
of'the EAT lies in its closeness to the myocardium. There is no
anatomical boundary between the EAT and myocardium, and
they even share the coronary microcirculation. Due to this
anatomical arrangement, factors released from EAT, including
adipokines and cytokines, have vasocrine and paracrine ef-
fects on the myocardium [13, 14]. Coronary PVAT serves as
a mechanical support, attenuating vascular tension and torsion
in a similar fashion to other PVATSs surrounding vascular struc-
tures. PVAT, being a vasocrine and paracrine source of cyto-
kines, substrates, and adipokines, also participates in vascular
remodeling [15].
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Fig. 1 Epicardial adipose tissue
in human hearts. Representative
anterior and posterior views of
human explanted hearts as a non-
failing control (NFC)

(weight = 290 g), heart failure
with preserved ejection fraction
(HF-pEF) (ejection

fraction = 55%; weight = 590 g),
and heart failure with reduced
ejection fraction (HFrEF)
(ejection fraction = 23%;

weight = 678 g) depicting the
extensive epicardial adipose
tissue. Scale bar indicates 1 cm.
LAD indicates left anterior
descending coronary artery.
Modified from Patel VB et al.
Adipocyte. 2016;5:306-11

NFC

HFPEF

HFREF

EAT and pericardial adipose tissues are anatomically quite
distinct [12, 16]. Pericardial adipose tissue is anterior to the
EAT and, therefore, is located between visceral and parietal
pericardium. Although being too close to the myocardium, the
pericardial adipose tissue is separated from the heart by the
pericardium. EAT and pericardial adipose tissues are also dif-
ferent embryologically and biochemically. EAT adipocytes are
derived from the splanchnopleuric mesoderm associated with
the gut and are of the same embryologic origin as mesenteric
and omental fat cells [17, 18]. In contrast, pericardial adipo-
cytes originate from the primitive thoracic mesenchyme,
which splits to form the parietal pericardium and the outer
thoracic wall [16, 17]. EAT and pericardial adipose tissues
differ in their metabolic and physiologic properties [16,

Anterior

Posterior

19-21]. Echocardiography-defined epicardial and pericardial
fat thickness are also different [22]. EAT predominantly not
only composes of preadipocytes and adipocytes but also con-
tains stromovascular and immune cells, resident monocytes,
ganglia and interconnecting nerves [23, 24]. In a study using
biopsies collected from EAT, subcutaneous, and peritoneal
adipose tissues from 21 males undergoing elective cardiac
surgery for coronary artery bypass grafting or valve replace-
ment, adipocytes in EAT were significantly smaller than those
in subcutaneous and peritoneal adipose tissues [25]. This may
be attributed to the following: (i) EAT contains greater number
of preadipocytes than mature adipocytes; (ii) high-energy-
consuming metabolism in the heart might prevents large
amounts of lipid storage in EAT [24, 25].
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Physiological and pathological roles of EAT

Clinical correlation studies are the primary source of existing
knowledge about the role of EAT and PVAT on cardiac func-
tion. Increased thickness and inflammation of the EAT are
associated with the progression of cardiac dysfunction in
obese individuals [13, 26-28]. Myocardium has a very high
energy demand to perform cardiac contractions, which is ful-
filled by (-oxidation of long-chain fatty acids. Myocardium
predominantly metabolizes free fatty acids, accounting for
about 50-70% of the energy production in the heart required
for cardiac function [29]. EAT represents a potential local
store of triacylglycerols which releases free fatty acids during
the increased cardiac fatty acid metabolism, thereby serving as
a local energy source during high-energy demands by releas-
ing fatty acids to the myocardium and also protecting the heart
against high fatty acid levels and associated lipotoxicity [13,
30, 31]. There are key differences in the EAT stores compared
with the stores in other adipose tissue depots. The fatty acid
composition of the EAT is different than the subcutaneous
adipose tissue. EAT appears to be rich in saturated fatty acids,
including myristic acid (14:0), palmitic acid (16:0), and stearic
acid (18:0), while the unsaturated fatty acids, including
palmitoleic acid (16:1n-7), oleic acid (18:1n-9), linoleic acid
(18:2n-6), and linolenic acid (18:3n-3) are lower in SAT com-
pared to EAT [32, 33]. Also, there are key metabolic differ-
ences in the EAT when compared with other adipose tissue
depots. For example, glucose utilization is lower in EAT com-
pared with the intraabdominal adipose tissues [18]. A seminal
study using pig EAT, pericardial, perirenal, and popliteal adi-
pose tissues showed that the rate of free fatty acid synthesis,
release, and breakdown was markedly higher in EAT than in
other adipose depots in response to catecholamines [18]. The
higher lipolytic potential of EAT may be due to the reduced
anti-lipolytic effect of insulin and increased activity of [3-
adrenergic receptors. Importantly, the protein content of EAT
is greater than other visceral adipose tissues, although the
mitochondrial content is very similar [12, 18]. The higher
lipolytic activity of EAT may facilitate a ready source of free
fatty acids to meet increased myocardial energy demands,
especially under ischemic conditions, although the experi-
mental evidence of this is scarce and studies looking at meta-
bolic cross-talk between EAT and the myocardium are war-
ranted. The EAT store and metabolic activities are altered in
the diseased conditions. In a recent study comparing the EAT
adipocytes with the subcutaneous adipocytes from patients
with heart failure, the difference between basal and insulin-
mediated glucose uptake was significantly decreased in epi-
cardial compared with subcutaneous adipocytes, which may
be due to impaired actions of insulin on EAT adipocytes [32].
Also, a significant reduction in isoproterenol-stimulated lipol-
ysis was observed, which strongly correlated with lipolysis,
lipid storage, and inflammation-related gene expression [32].
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Although the high lipolytic potential of EAT adipocytes may
be beneficial for cardiac metabolism and physiological func-
tions, altered EAT metabolic activities could modify energy
requirements in the heart and, consequently, contribute to car-
diac disease [34].

Furthermore, recent studies indicate that EAT is composed
of both white and brown adipocytes, and it presents the ca-
pacity to convert from one cell type to the another [35, 36].
Interestingly, the EAT possesses the BAT-like gene expression
pattern in neonatal stage [37]. During the transition to infancy,
the morphology of EAT is critically changed, which is also
reflected in unique gene expression patterns of a substantial
proportion of thermogenic gene transcripts (~ 10%) [37].
Irrespectively, the higher expression levels of UCP1, a BAT-
specific gene, in EAT compared to other adipose tissue depots
[20, 38] suggests the presence of brown adipocytes in human
EAT even at adult stage [36], where it may be involved in non-
shivering thermogenesis and protection against hypothermia.
The brown adipocytes and thermogenesis have been proposed
to provide direct heat to the myocardium conferring a survival
advantage by protecting the heart during hypothermia, ische-
mia, or hypoxia [39]. Most importantly, the brown adipocytes
have also been associated with the cardioprotection. Loss of
UCPI leads to exaggerated myocardial injury, fibrosis, and
adverse cardiac remodeling, all of which can be mitigated by
the WT BAT transplantation [40]. It is hypothesized that the
browning of the EAT may play a critical role in the
cardioprotection, although the experimental evidence is still
warranted, predominantly due to the lack of ventricular
EAT in murine models. Recently, an important observation
that the pathologically increased reactive oxygen species
production in EAT from patients with CAD is associated
with brown-to-white adipocyte transdifferentiation pro-
vides a vital evidence that the browning of EAT may pos-
sess a potent therapeutic potential [35, 39]. Although, the
“cause-or-effect” relationship between the white adipocyte
transdifferentiation and reactive oxygen species production
has not been established and should be explored. We be-
lieve that the “browning” of EAT may provide benefits and
should be extensively studied to identify the novel thera-
peutic targets. Finally, adipokines secreted from EAT, such
as adiponectin, adrenomedullin, and omentin, have protec-
tive effects on the myocardium and vasculature [13, 41]. In
contrast, apelin, adiponectin, adrenomedullin, and leptin
are a few of the cardiac and vasculoprotective peptides
secreted from adipocytes (Table 1). Apelin and adiponectin
protective effects in the heart is well known and mediates
beneficial action against CAD and HF [66, 67].

The quality of the EAT, such as inflammatory status, has a
determinant effect on the cardiac and coronary vascular func-
tion [14, 68]. Monocytes infiltrate into adipose tissue and ma-
ture to become resident adipose tissue macrophages (ATMs)
during obesity and contribute to the progression of insulin
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Table 1  Adipokines secreted from the adipose tissues including EAT and their effects on cardiovascular function
Adipokine Pathological state Alterations  Effects on cardiovascular function
Apelin CAD Decreased  * Cardioprotection against ischemic cardiomyopathy [42, 43]
» Dilation of peripheral and coronary arteries [44], reduction of cardiac preload and afterload,
increase of cardiac output [44]
» Enhancement activity of ACE2 and Ang 1-7 production [45]
* Anti-atherosclerotic activity [46]
» Improvement of cardiac metabolism and contractility in obesity-related HF [47]
Adiponectin CAD Decreased ¢ Anti-hypertrophic effects [48]
* Anti-inflammatory [49, 50]
* Cardioprotection [51-53]
* Adiponectin levels are inversely correlated with the progression of CAD [54]
Adrenomedullin  CAD Decreased  * Potent vasodilating effect [55]
* Cardioprotection [55]
Angiotensinogen CAD Increased e« The precursor of RAS activation
FABP-4 Metabolic syndrome Increased < Cardio-depressant effect [56]
IL-6, MCP-1 CAD Increased e Pro-inflammatory cytokines [57, 58]
» Myocardial and vascular inflammation and progression to HF [57, 58]
Leptin CAD Increased < Pro-angiogenic activity, endothelial cell proliferation, and development of atherosclerotic
lesions [59]
sPLA2-IIA CAD Increased Higher circulating levels of sSPLA2-IIA mass or sSPLA2 enzyme activity have been
associated with increased risk of cardiovascular events [60]
TNF-oc CAD Increased  « Negative role of TNF-« receptor 1 signaling leading to progression of HF [61]
* Pro-inflammatory activity and induction of apoptosis of cardiomyocytes [62]
Visfatin CAD Increased ¢ Pro-inflammatory and immunomodulatory effect [63]

* Pro-atherosclerotic activities and destabilization of atherosclerotic plaques [64]
» Enhancement of vascular smooth muscle cells proliferation [65]

resistance. These macrophages may polarize from non-inflam-
matory phenotype to pro-inflammatory phenotypes capable of
secreting various pro-inflammatory cytokines including
TNF-e, IL-13, IL-6, and MCP-1. Diet-induced obesity in mu-
rine models increased activation of ATMs to pro-inflammatory
CDllc+ cells (classically activated M1-phenotype of macro-
phages) from a CD-206+ M2-polarized state (alternatively ac-
tivated anti-inflammatory phenotype of macrophages) [69].
Importantly, human EAT obtained from obese HF-pEF patients
showed a marked increase in EAT inflammation and resident
CD11c+/F4/80+ macrophages [14]. These results illustrate a
fundamental role of macrophages in adipose tissue inflamma-
tion and regulation of insulin sensitivity as shown by increased
insulin sensitivity with the deletion of the inflammatory cyto-
kines (e.g., TNF-&) and the ablation of CD11c+ cells [70-72].
In addition, many of the adipokines secreted from EAT has
direct effects on vascular endothelial and smooth muscle cells
(Table 1). Angiotensinogen, IL-6, MCP-1, TNF-«, and visfatin
are a few adipokines secreted from the EAT that could diffuse
interstitial fluid across the adventitia, media, and intima and
may interact with vasa vasorum, endothelial, and vascular
smooth muscle cells of coronary vasculature, resulting in in-
flammation, endothelial and smooth muscle cell proliferation,
atherogenesis, and destabilization of atherosclerotic plaque
(Table 1) [48, 57, 61, 63—65]. Other interesting emerging
adipokines such as osteopontin (OPN) could also be positively

interacting with epicardial fat metabolism in the atherogenic
and reparative role in post-myocardial infarcted heart, especial-
ly in terms of the potential double role of epicardial adipose
tissue. Also, migration of cells between the EAT and myocar-
dium may also be possible, due to the lack of anatomical
boundaries, causing even small quantities of adipokines to have
significant pathophysiological effects on the myocardium [10].

Until recently, the paracrine effects of EAT on the myocar-
dium was thought to be involving only the proteins. However,
recent discovery of the exosome-mediated genetic exchange
between the donor and recipient cells has gathered renewed
attention to the intercellular communications. microRNAs
(miRNAs) are small ~ 21 nt RNAs which are involved in
the post-transcriptional regulation of gene expression.
Adipocytes have recently been identified to be a major source
of circulating miRNA via exosomal release thereby adding a
further level of complexity to their regulatory control [73].
Exosomes are the nano-sized (30—100 nm) extracellular vesi-
cles, which are secreted by a donor cell and internalized into
an acceptor cell, and play a critical role in the intercellular
communications. Exosomes carry a composite cargo of mol-
ecules, including mRNAs, microRNAs, proteins, and lipids,
and therefore plays a pivotal role in the exchange of genetic
information [74]. Increasing evidence suggests that the mole-
cules in exosomal cargo vary with cell types and the environ-
mental conditions, and the recipient cells respond to exosome

@ Springer



894

Heart Fail Rev (2017) 22:889-902

uptake with expressional and functional changes [75]. Lastly,
the movement of chemical and cellular mediators depends on
a critical role of the extracellular matrix remodeling as an
interstitial transport system thereby regulating the local envi-
ronment [76, 77]. Evidently, extracellular protease
ADAMTSI secreted from adipose tissue trigger the produc-
tion of cytokines and promoted proliferation rather than dif-
ferentiation of adipocyte precursor cells [78]. Proteins respon-
sible for extracellular matrix organization were dramatically
increased in EAT of patients with ischemic heart disease
which indicated the EAT of these patients underwent extracel-
lular matrix remodeling in relationship to these pathological
changes [79].

Physiological and pathological roles of PVAT

PVAT is a distinct subtype of adipose tissue wherein the adi-
pocytes exhibit a unique developmental lineage and differ on
their secretary profiles, morphology, differentiation, and in-
flammatory responses [15, 80, 81]. Although previously
regarded as being of no pathophysiological significance,
PVAT has now emerged as a powerful determinant of vascular
homeostasis in health and disease. Since the seminal discov-
ery by Solits and Cassis of the potent anti-contractile effects of
PVAT [82], the biological basis of PVAT mediated vascular
control has gained considerable recognition. PVAT is found in
both large and small arteries and veins and is believed to
regulate vasomotor responses across the spectrum of conduit
and resistance arteries [15, 80, 81]. An area of key focus has
been on identifying the mechanisms that mediate the anti-
contractile effects of PVAT. The anti-contractile effect, seen
in various sized blood vessels, is observed in response to var-
ious stimuli such as noradrenaline, potassium, phenylephrine,
angiotensin (Ang) 11, 5-HT, and ET-1 [80, 81]. Although some
researchers have proposed the existence of a specific
perivascular-derived relaxing factor (PVREF; also termed adi-
pocyte derived-relaxing factor or ADRF), our current under-
standing is that PVRF/ADREF is unlikely a single molecule but
rather a “cocktail” of cytokines, adipokines, and cellular me-
diators closely intertwined with a local adrenergic system ca-
pable of synthesizing and metabolizing noradrenaline [80,
81]. These factors promote paracrine regulation of vascular
tone, in addition to regulating vascular smooth muscle cell
proliferation, migration, atherosclerosis-susceptibility, and re-
stenosis. Paracrine regulation is achieved through either direct
diffusion or via the vasa vasorum into the medial layer and
subsequently the intimal layer of blood vessels while others
have suggested the presence of reticular networks which serve
the purpose of conduits or connectors between the medial and
adventitial vascular layers [80, 81].

Several key cellular transducers of the anti-contractile ef-
fects of PVAT include hydrogen peroxide (H,0,), Ang 1-7,
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adiponectin, methyl palmitate, hydrogen sulfide (H,S), nitric
oxide (NO), and leptin. The observation that the anti-
contractile effects of PVAT persist in the presence of NO syn-
thase inhibition lends credence to the notion that these effects
are endothelium-independent [80, 81, 83]. PVAT-induced re-
lease of H,0, is believed to activate soluble guanylyl cyclase
promoting endothelium-independent vascular relaxation.
Likewise, PVAT is rich in Ang 1-7 which serves to promote
vasodilatation both through triggering NO release and through
counteracting the local effects of Ang II [84]. On the other
hand, local PVAT production of H,S is believed to promote
anti-contractile effects through modulating K, and K xrp chan-
nels, which are membrane proteins that allow rapid and selec-
tive flow of K* ions across the cell membrane, and thus gen-
erate electrical signals, in vascular smooth muscle cells [80,
81]. Since the majority of these studies involved vessels other
than coronary arteries, the use of PVAT from patients under-
going open-heart surgery is a valuable resource to enhance the
translational potential of these findings especially since ro-
dents lack coronary PVAT.

Quantitative measurement of EAT and its clinical
application

Quantification of EAT has seen improvements over the years
attributed to the advancements in non-invasive imaging tech-
niques [10, 17, 85]. Multidetector computed tomography,
echocardiography, and cardiac magnetic resonance imaging
are currently used for the accurate measurements and quanti-
fication of EAT and pericardial adipose tissue. EAT is visible
as an echo-free space between the outer wall of the myocar-
dium and the visceral layer of the pericardium, and therefore,
it was first visualized by and measured with transthoracic two-
dimensional (2D) echocardiography. The thickness of this
echo-free space is measured on the right ventricular free wall
in the parasternal long and short axes views, where EAT is
thought to be the thickest [17, 22]. Using this method in 246
consecutive Caucasian subjects (58% with metabolic syn-
drome), median values of 9.5 and 7.5 mm have been
established as threshold values for high-risk echocardiograph-
ic EAT thickness in men and women, respectively [86]. EAT
measurement by echocardiography offers key advantages as
an economical, easily available, and non-invasive method.
However, due to a linear measurement at a single location, it
is not an ideal method for volumetric assessment of adipose
tissue. Measurement using 3D echocardiography may provide
a better volumetric assessment of EAT. Adipose tissue has
distinct attenuation values compared with myocardial tissues.
This principle is utilized in combination with the high spatial
resolution of computed tomography (CT) for accurate volu-
metric measurements of EAT [17, 87]. Imaging using the car-
diac magnetic resonance (CMR) is another approach for
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measuring the EAT volume. Given the exceptional image res-
olution, it is considered as a “gold standard” modality for
imaging adipose tissues [17, 88]. A CMR tracing is obtained
of the pericardial sac and the adipose tissue voxels in each
slice, which are added to calculate the total volume of this
tissue. The use of CT, as well as CMR, has been validated
as an accurate and reproducible method for the assessment of
EAT [17].

Role of EAT and PVAT in HF and CAD

Metabolic syndrome is associated with abdominal obesity,
lipid disorders, inflammation, insulin resistance and diabetes,
and increased risk of developing cardiovascular disease in-
cluding HF and CAD [89-92]. Both the quantity and the qual-
ity of abdominal visceral adipose tissue have been correlated
with the risk of cardiovascular disease [93]. Recently, waist
circumference has shown cross-sectional association with the
visceral adiposity, liver fat, and cardiometabolic risk factors.
Waist circumference has also been proposed as a refinement
of the cardiometabolic risk related to any given body mass
index [94]. In addition, obesity has been linked with atrial
fibrillation, the most common form of sustained arrhythmia
and known to be associated with increased morbidity and
mortality [95, 96]. In fact, several adipokines produced by
EAT have been proposed to have paracrine effects on cardiac
electrical activity [97, 98]. Thus, not only the adiposity but
also the location and quality of adipose tissue are linked to the
increased risk of cardiometabolic disorders. The EAT has im-
portant regulatory and supportive roles in the maintenance of
cardiac physiological functions. The EAT is thought not only
to function as a storage for intravascular free fatty acids to
protect cardiomyocytes from excess exposure but also to re-
lease them as an energy source for the myocardium [39]. The
“phenotypic” transformation, the cause of which is currently
unknown and speculated to be mediated predominantly by
adipose tissue inflammation, can lead to the pathological role
of EAT. The relationship between EAT thickness/volume and
the extent of cardiovascular and metabolic disease has been
clearly established. EAT volume correlates with the onset and
progression of CAD, arrhythmogenic right ventricular cardio-
myopathy, HF-pEF, and atrial fibrillation [99-106]. Although,
EAT triacylglycerol stores may be “a physiologically neces-
sary process,” increased EAT volume may not always be ben-
eficial. For example, EAT volume substantially increases with
obesity and is often characterized by the adipocyte hypertro-
phy, failure to store triglycerides, increased lipolysis, and EAT
inflammation [ 14, 28, 107]. As the EAT volume increases and
extends over the anterior surface of the heart, the coronary
arteries become encased and EAT adipocytes may even pene-
trate the subepicardial layer into the myocardium, a condition
defined as adiposity of the heart [108]. In fact,

echocardiographic assessment of EAT accumulation could re-
flect myocardial lipid content in subjects with a wide range of
adiposity [109]. Obese subjects with HF-pEF displayed more
concentric left ventricular remodeling, greater right ventricu-
lar dilatation, and dysfunction and increased epicardial fat
thickness and volume compared to non-obese controls and
non-obese HF-pEF cohorts [106].

The equilibrium between the physiological and pathophys-
iological properties of the EAT is delicate and susceptible to
the influences of intrinsic and extrinsic factors. The advantage
of being anatomically close to myocardium can easily turn
into a risk factor when the EAT becomes inflamed. The ana-
tomical and functional contiguity of the EAT and myocardium
suggests that vasocrine or paracrine signaling is plausible be-
tween adipokines and free fatty acids diffusing from EAT into
the underlying myocardium (Fig. 2) [16]. Conditioned medi-
um (a culture medium containing all the secreted factors from
cultured cells) from epididymal adipose tissue from diabetic
rats was found to inhibit fatty acid oxidation and insulin-
stimulated glucose uptake in primary rat cardiomyocytes
[110]. Also, the conditioned medium from human subcutane-
ous adipose tissue inhibited the contractile function of rat
cardiomyocytes [111]. Clearly, the adipocyte secretosome
has modulating effects on cardiac function, which may be
affected by the disease state, e.g., diabetes and obesity.
Conditioned medium of the EAT adipocytes, from diabetic
patients, also possesses potent cardio-depressant activity.
These cardio-suppressive effects of the adipocyte secretosome
have been ascribed to various adipokines including fatty acid
binding protein-4, IL-1{3, IL-6, monocyte chemoattractant
protein-1, and tumor necrosis factor o« (TNF-x) [56, 112].
As such, EAT expressed and secreted higher levels of the
pro-inflammatory cytokines compared with subcutaneous ad-
ipose tissue in the setting of heart disease (Fig. 2) [23].
Importantly, fatty acid-binding protein 4 is expressed in EAT
adipocytes and is significantly higher in metabolic syndrome
patients compared with non-metabolic syndrome controls
[113]. The fatty acid-binding protein 4-mediated intracellular
transport of free fatty acids from EAT into the myocardium is a
possible event but still remains unmapped.

EAT thickness assessed by echocardiography has been
widely accepted as a marker for the presence and severity of
CAD, which can also predict major adverse cardiac events
[114, 115]. However, recently the amount of EAT has been
found to decrease in patients with HF and dilated cardiomyop-
athy, which raises concerns over the assessment of “quantity”
of EAT being sufficient to predict the cardiac events [116, 117].
As a result, recent focus has shifted from the quantity to the
“quality” of EAT. The inflammatory status of EAT is closely
linked to obesity-related cardiac dysfunction [14]. We detected
increased macrophage polarization to pro-inflammatory M1-
phenotype (alternatively activated, CD11¢") in EAT from pa-
tients with HF-pEF (Fig. 2), which was associated with
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Fig. 2 The role of epicardial adipose tissue in cardiac physiology and
pathophysiology. In the human heart, EAT is located in the atrioventricular
and interventricular grooves, surrounding the major branches of coronary
arteries, atria, right ventricular free wall, and the apex of the left ventricle
(a). Major cardiac cells including cardiomyocytes, cardiac fibroblasts,
endothelial cells, and smooth muscle cells are depicted in a. The adipokines
and/or cytokines secreted from EAT/PVAT may exert paracrine effects on
cardiomyocytes, fibroblasts, coronary endothelial cells, and smooth muscle
cells (a). Given the anatomical closeness of adipose tissue and the
myocardium, cellular crosstalk occurs between these tissues, which may
play a critical role in the cardiac physiology and pathophysiology (b). EAT/
PVAT adipocytes may serve as a local storage of free fatty acids, which are

decreased polarization to anti-inflammatory, M2-phenotype
macrophages [14, 68]. Despite reduced obesity, loss of
ACE2 resulted in increased EAT inflammation, which was
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physiological nature of EAT/PVAT may tum into pathological upon adipose
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M1-macrophages in the EAT/PVAT has been proposed to play a key role in
the pathogenesis of coronary artery disease, cardiac inflammation, and
lipotoxicity leading to heart failure. Ang(/-7): angiotensin 1-7; EAT:
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synthase; MI-Macrophages: CD11¢" classically activated inflammatory
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activated inflammatory phenotype of macrophages; MasR: Mas receptor;
TGs: triacylglycerols; TNF-cv: tumor necrosis factor-oc

associated with macrophage polarization to M1-phenotype,
and worsening of HF-pEF in response to diet-induced obesity
[14, 68]. Importantly, Ang 1-7, a product of ACE2-mediated



Heart Fail Rev (2017) 22:889-902

897

degradation of Ang II, decreased macrophage polarization in
EAT and preserved the cardiac function of obese ACE2 knock-
out mice [14, 68]. The potent anti-inflammatory effects of Ang
1-7 in adipose tissue of obese type 2 diabetic mice are protec-
tive against diabetic cardiomyopathy and nephropathy [118,
119]. Apelin is secreted from different cell types, including
adipocytes, and its plasma levels are decreased in patients with
hypercholesterolemia and CAD [120, 121]. Apelin, a potent
vasoactive peptide, is partially inactivated by ACE2-mediated
proteolysis [122]. The potent effects of apelin on
cardiomyocytes and endothelial cells make it a pivotal pathway
which should be explored to better understand the EAT and
myocardium/coronary artery crosstalk.

Human EAT and PVAT are the sources of a number of
bioactive cytokines with a vast and diverse transcriptome
that can either protect or adversely affect the myocardium
and coronary arteries (Table 1) [123]. A comprehensive
analysis of the transcriptomic signatures of EAT depots
demonstrated unique transcriptomic signatures associated
with their anatomical locations with the periventricular
EAT closely linked with genes involved in inflammation
and immunity [123]. EAT-mediated atherogenesis may al-
so involve the innate inflammatory responses. EAT obtain-
ed from patients with CAD showed significantly higher
nuclear factor k3 (NF-kB) and c-Jun N-terminal kinase
(JNK) activity along with greater toll-like receptor
(TLR)-2 and TLR-4 expressions [124]. This observation
provides strong evidence for the presence of activated mac-
rophages in these patients, and the ratio of M1/M2 macro-
phages is positively correlated with the severity of CAD
[125]. Furthermore, the expressions of pro-inflammatory
and anti-inflammatory cytokines were positively and neg-
atively correlated with the ratio of M1/M2 macrophages in
EAT from patients with CAD, respectively [125]. In addi-
tion, expression of protective mediators, like adiponectin
and adrenomedullin, is lower in the EAT of patients with
CAD compared with EAT from non-cardiac disease patients
[126—128]. Also, plasma levels of adiponectin and
adrenomedullin decrease in patients with CAD [54]. In states
of obesity and insulin resistance, the vasculoprotective effects
of PVAT paracrine factors are blunted possibly due to aberrant
PVAT remodeling as a result of local tissue hypoxia [80, 81].
Obesity reduces PVAT capillary density and vascularity lead-
ing to localized PVAT ischemia, loss in the production of
protective ADRFs, and a switch to a more inflammatory
secretosome [80, 81]. Also, CAD progression is strongly as-
sociated with the decreased levels of beneficial adipokines and
increased levels of pathogenic adipokines (Table 1). The po-
tential beneficial effects of adipokines are linked to the pro-
motion of regeneration processes in the damaged myocardi-
um, angiogenesis, vasodilation, improved metabolism in the
cardiomyocytes, and improved contractile function, as well as
anti-inflammatory and anti-atheromatous effects [129].

Targeting the EAT and PVAT with therapeutic
strategies

Given the key pathogenic role of EAT (and PVAT) in CAD and
HF, various strategies have been directed at correcting these
pathological changes. Improvement in nutritional or physical
activity is important intervention for obese and patients with
type 2 diabetes. In moderate and severely obese patients,
weight loss induced by low-calorie diets and exercise showed
a greater reduction in EAT compared with overall adiposity and
was associated with cardioprotection [130, 131]. These re-
sponses to lifestyle changes were associated with higher secre-
tion of adiponectin and leptin and decreased expression of pro-
inflammatory adipokines [132]. The use of various pharmaco-
logical agents have highlighted the importance of different
pathways which can be targeted to reduce the volume and
improve the function of EAT and PVAT. In fact, EAT thickness
and inflammation were reduced in hyperlipidemic type 2 dia-
betic patients in response to atorvastatin therapy independent
of lipid lowering and CAD progression [133]. Enhancing the
function of incretins such as glucagon-like peptide 1 reduces
EAT volume in obese subjects and stimulates browning sug-
gesting that glucagon-like peptide 1 effects can shift the energy
balance from obesogenesis to thermogenesis [134]. Similarly,
as our understanding of the biology and clinical consequences
of PVAT is growing, clinical studies on weight loss, exercise,
and other anti-inflammatory approaches to restoring health
PVAT are also surfacing. Ongoing clinical studies are also test-
ing whether preservation of the PVAT in commonly used by-
pass conduits could be beneficial. For example, we have re-
cently demonstrated that a strategy of saphenous vein graft
PVAT preservation (with a pedicled harvest vs. conventional
harvest where all fat is removed), favorably affected medial
Kruppel-like factor 4 serum response factor, and myocardin.
Furthermore, miRNA-145, an inhibitor of VSMC activation
and differentiation, was higher in the pedicled vs. the conven-
tional harvest group [135]. These results are consistent with the
recent findings that miRNAs released from adipocytes can
have important biological effects on various target tissues [73].

Conclusions

Due to the anatomical proximity and paracrine effects with the
heart and coronary arteries, EAT and PVAT regulate coronary
artery and myocardial function. These adipose tissues have
large secretosomes, which spans the whole spectrum of anti-
inflammatory to pro-inflammatory effects which contribute to
the physiological and pathological roles of EAT and PVAT.
Modulation of the adipokine secretions from EAT and PVAT
is an attractive therapeutic approach. Our current knowledge
about EAT and PVAT can be potentially utilized therapeutical-
ly to target HF and CAD.
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