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Anatomical evidence in several species shows highly heterogeneous fat distribution in

the atrial and ventricular myocardium. Atrial appendages have fat deposits, and more so

on the posterior left atrium. Although such fat distributions are considered normal, fatty

infiltration is regarded arrhythmogenic, and various cardiac pathophysiological conditions

show excess myocardial fat deposits, especially in the epicardium. Hypotheses have

been presented for the physiological and pathophysiological roles of epicardial fat,

however this issue is poorly understood. Therefore, this mini-review will focus on

epicardial fat distribution and the (patho)-physiological implications of this distribution.

Potential molecular mechanisms that may drive structural and electrical myocardial

remodeling attendant to fatty infiltration of the heart are also reviewed.
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MYOCARDIAL ADIPOSE TISSUE

Approximately 80% of the myocardial surface is covered by fat, and it is estimated that ∼20%
of the total heart weight is due to the fat content (Iacobellis et al., 2005; Sacks and Fain, 2007).
The distribution of fat on the myocardial surface is species dependent, with more deposits
of fat present on large mammals, including humans, compared to small laboratory animals
such as rodents (Marchington et al., 1989; Iacobellis et al., 2005). It is surprising that for
decades, there remained limited studies in humans regarding the relationship of normal cardiac
anatomy and pathology (Iacobellis et al., 2005). Anatomical evidence in humans, as well as
in other species, indicates a highly heterogeneous epicardial fat distribution throughout the
atrial parenchyma, with increased presence at the appendages, and more so at the posterior left
atrium. Fat deposits abound on the free wall of the right ventricle, and the apex of the left
ventricle has some amount of fat deposits. Human autopsy reports show that despite the fact
that left ventricular mass far exceeds that of the right ventricle, total amount of fat tissue was
similar in both ventricles, (Corradi et al., 2004; Iacobellis et al., 2005). Nevertheless, it must be
noted that although this epicardial fat distribution is considered normal, fatty infiltration of the
myocardium is regarded arrhythmogenic (adiposis cardiaca), and is frequently observed under
pathophysiological conditions, as discussed in a later section. Our current thinking is that epicardial
fat thickness that is >5mm, or volume of the tissue greater that 125mL should be considered
abnormal (Bertaso et al., 2013). Several hypotheses have been presented for the physiological
and pathophysiological roles of myocardial fat tissue. Adipose tissue found around blood vessels
has been suggested to reduce forces (vascular tension and torsion), thus playing a supportive
role (Iozzo, 2011). The fatty tissue may also be involved in release of a variety of circulating
biofactors, including cytokines and hormones, which are important in modulating myocardial
vasculature (Iacobellis et al., 2005; Sacks and Fain, 2007; Iozzo, 2011). Our discussions in this review
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will emphasize fatty infiltration of myocardium and the (patho)-
physiological implications of such a process.

A variety of imaging technologies have been used to
investigate adipose tissue depots on the heart, including
echocardiography, computer tomography (CT), and cardiac
magnetic resonance imaging (CMRI). Each imaging modality
has advantages and limitations (Wong et al., 2016), all of
which impact on the choice of a modality for investigative
purposes. Thus, for example, whereas complex modalities such
as CT and CMRI have the advantage of volume, area, and
thickness measurements, echocardiography is widely available
and relatively inexpensive (Wong et al., 2016). However,
echocardiographicmeasurements are limited tomeasurements of
thickness. On the other hand, CT scans have the complication
of ionization radiation, and CMRI are expensive and may not
be technically feasible for extremely obese patients (Wong et al.,
2016). Arguably, some of these techniques are less suited for
imaging cellular details of fatty infiltrations in the myocardium.
In several reports describing myocardial fat layers, various,
and sometimes conflicting/confusing terminologies have been
used to describe myocardial fat depots (Sacks and Fain, 2007;
Thanassoulis et al., 2010; Samanta et al., 2016; Wong et al., 2016).
Figure 1A shows different layers of fat tissue on the myocardium,
as recently schematized in the review by Wong et al. (2016).
As in this schematic, our review will adopt the terminology
that denotes pericardial fat as a combination of paracardial and
epicardial fat depots. It is noteworthy that both epicardial and
paracardial fat depots derive from brown adipose tissue, but from
an embryological standpoint (Wong et al., 2016), paracardial
fat evolves from the primitive thoracic mesenchyme (Iacobellis
et al., 2005), whereas epicardial derives from the gut-related,
splanchnopleuric mesoderm (Sacks and Fain, 2007).

Histological analysis of tissue sectioning has provided
important information on fat infiltration of the myocardium.
Thus, it is known that there are extensive fat deposits
on the surface of atria and ventricles (more so for the
latter; Figures 1B,B1). However, as shown in this Figure 1B,
significant fat deposits are present within the atrial myocardium
(Figures 1B,B2), and adipocytes are contiguous with myocytes,
with no evidence of a fascia separating each tissue type, in
contrast to what is observed in skeletal muscles (Iacobellis
et al., 2005; Hatem and Sanders, 2014). Adipocytes express
ion channels, including gap junctional channels (Burke et al.,
2014), however there is little or nothing known about on
adipocyte/myocyte electrical coupling. As pertinent to the
discussions in this review, this contiguity between adipocytes
and myocytes, as well as the physical proximity between
adipocytes/myocytes with other cell-types, readily allows for
modulatory effects of adipocyte biofactors on myocytes. Such
a scenario is expected to have profound implications for
myocardial function and pathophysiological cellular remodeling.

CHARACTERISTICS OF ADIPOSE TISSUE
DEPOTS IN MYOCARDIAL DISEASES

Epicardial adipose tissue (EAT) is increased in myocardial
diseases, an increase that is associated with arrhythmogenicity

(Sacks and Fain, 2007; Christensen et al., 2008; Sen-Chowdhry
et al., 2010; Deshpande et al., 2016; Samanta et al., 2016).
With increase in EAT, it has been suggested excess adiposity,
cytokines, free fatty acids and other bioactive molecules
are accumulated within the vicinity of myocytes, which are
consequently challenged structurally and electrically (Samanta
et al., 2016). Such remodeling processes alter normal impulse
initiation and propagation properties of the myocardium. In
a recent study (see Figure 2), the ovine model was used to
determine structural and electrophysiological substrates of atrial
fibrillation (AF) (Mahajan et al., 2015). The study showed
conduction abnormalities, which was related to infiltration of
posterior left atrial muscle by epicardial fat. It was concluded
that obesity-induced increase in EAT resulted in structural and
electrical remodeling, leading to increased propensity for AF. In
general, it is recognized that EAT may act by one or more of the
hypothesized arrhythmia mechanisms, involving automaticity,
triggered activity or reentrant activity. Arrhythmogenicity
through such mechanisms have been discussed recently in
reviews elsewhere (Hatem and Sanders, 2014; Venteclef et al.,
2015; Hatem et al., 2016; Pandit et al., 2016; Samanta et al., 2016).
Herein, we will focus on the characteristics of histo-pathology
of adiposity in the myocardium in some of these diseases,
(Christensen et al., 2008; Pouliopoulos et al., 2013; Haemers et al.,
2015; Deshpande et al., 2016), especially in relation to (fibro) fatty
infiltrates.

In obese humans and animal models, there is excess periatrial
fat as well as fatty infiltration of the myocardium. Moreover,
with obesity, myocardial cells have increased fat content, which
is responsible for the attendant lipotoxic cardiomyopathy. It
is hypothesized that a combination of factors, including other
obesity-related comorbidities are responsible for generating
substrates that favors arrhythmogenicity, and by mechanisms
such as stated above. The role of excess myocardial fat, in the
absence of other risk factors, has become of interest in a number
of laboratories (Hatem et al., 2016; Pandit et al., 2016).

In addition to obesity, other diseases including AF, left
ventricular hypertrophy, arrhythmogenic right ventricular
cardiomyopathy (ARVC), post infarction cardiomyopathy,
myotonic dystrophy, and Anderson-Fabry disease are associated
with increased (fibro) fatty infiltration. Oftentimes in these
diseases, excess adiposity is described as an increase in thickness
(>5mm) or fatty infiltration is reported on 0–3 scale, with the
former representing highest extent of infiltration (Haemers
et al., 2015; Mahajan et al., 2015). It should be noted that
although some diseases show a constant fat–muscle ratio
increase, during imaging, the extent of fatty infiltration might
be difficult to determine. Thus, ischemia and hypertrophy,
because of constancy of this ratio, have been reported to show a
parallel increase in the mass of both tissue types (Gorter et al.,
2008). Figure 3 shows characteristics of fatty and fibrous tissue
infiltrates, exemplified in four different diseases. Thus, in normal
weight humans, or in tachypaced ovine, extensive infiltrations
have been reported with AF (Figure 3A; Haemers et al., 2015).
Characteristically, during AF both left and right atrial myocardial
walls have extensive fatty infiltration, patchy inflammation and
interstitial fibrosis (Tanaka et al., 2007; Haemers et al., 2015).
Previous CMRI based studies from patients with myotonic
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FIGURE 1 | (A) Schematic of myocardial fat depots in the myocardial wall of the right ventricle (Modified from Wong et al., 2016). (B) Epicardial fat tissue distribution

in the ovine heart. (B) Normal adult sheep heart showing atrial and ventricular epicardial fat deposits. LAA, left atrial appendage; LV, left ventricle; EF, epicardial fat, on

atrial and ventricular surfaces. Yellow box in (B1) is 2 × 3 cm. (B2), [Inset of box from (B1)] Oval and circles represent regions of dense atrial epicardial fat. (B3), LAA

tissue section. Note significant epicardial fat layer with extensive adipocyte infiltration of the atrial muscle (Scale bar; 1mm). (B4), Tissue section of a region near yellow

inset in (B3), showing myocytes (MYCTS), isles of adipocytes, and collagen (CLG; Picoserius staining). Scale bar: 50µm. (Modified from O’Connell et al., 2015).

FIGURE 2 | Analyses of Impulse conduction in normal weight and in obese ovine (Measurements during sinus rhythm and isochrones from left anterior oblique view).

(A) Representative 5ms isochronal maps. Note crowding of isochrones (i.e., slower propagation time) in the obese ovine, compared to the control. (B) Mean values of

conduction velocity measured in the specified regions of the left atrium. Note that conduction velocity was reduced uniformly in all regions of the atrial myocardium.

ANT, anterior; LA, left atrium; INF_LA, inferior left atrium; LAT_LA, lateral left atrium; POS_LA, posterior left atrium; ROO_LA, left atrial roof; SEP_LA, septal left atrium.

Modified from Mahajan et al. (2015).

dystrophy have reported evidence of fatty infiltrations and
fibrosis (Schmacht et al., 2016).

Figure 3B shows (fibro) fatty infiltration in a patient with
cardiac myotonic dystrophy that mimics infiltrations such as
seen in ARVC (Christensen et al., 2008). In this instance,
histopathology following biopsies analyses shows fibrosis, fatty
infiltration, and as well hypertrophied myocytes. Histological
data of fibrofatty infiltration in Figure 3C were obtained from
myocardial biopsy in the ovine model of chronic myocardial

infarction (Pouliopoulos et al., 2013; Samanta et al., 2016). In
the study, it was also reported that gap junctional [Connexin
(Cx) 43] channels were significantly remodeled in myocytes
within the scar zone, with Cx43 expression demonstrating
extensive lateralization. Fatty infiltrations are well-characterized
as a hallmark feature of ARVC, and are shown in Figure 3D

(Deshpande et al., 2016). Additionally, there are abnormalities
in expression of desmosomal proteins and hippo dependent
signaling pathway, which ultimately compromise myocardial
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FIGURE 3 | Disease associated myocardial fibro-fatty infiltrations (Fatty infiltrations, black asterisks; fibrosis, black or white crosses). (A) Atrial fibrillation (modified from

Haemers et al., 2015). (B) Myotonic Dystrophy (magnification, 100X) (modified from Christensen et al., 2008). (C) Myocardial infarction (modified from Pouliopoulos

et al., 2013). (D) Arrhythmogenic right ventricular cardiomyopathy (magnification, 200X). (Modified from Deshpande et al., 2016).

electrical coupling (Chen et al., 2014). From above studies, it
is clear that there can be important implications of the direct
physical contact between myocytes and adipocytes. For example,
if the normal activity/cross talk between neighboring cells is
altered, such as during metabolic derangement or with excessive
electrical activity, there may be myocyte remodeling, potentially
compromising myocardial function. Thus, the metabolic state of
cardiac adipose tissue depot, when out of balance, such as with
obesity and any attendant inflammation, should significantly
contribute to myocardial structural and electrical remodeling.
From a structural standpoint, fatty infiltrationsmay also create an
anatomical block to the propagation of an electrical impulse. As
previously noted, the anatomical block can create a substrate for
fatal arrhythmias resulting from re-entry of the electrical signal.

It is generally recognized that arrhythmogenicity involves

interactions of a trigger in combination with substrate (Iacobellis
et al., 2005; Sacks and Fain, 2007; Cherian et al., 2012; Hatem
and Sanders, 2014; Heijman et al., 2014; Pandit et al., 2016). On-
going investigations are directed at understanding the role of
excess adiposity, especially with respect to underlying signaling
mechanisms, in the formation of such triggers and substrates.
These studies address several important questions that remain
unanswered. For example, what are the relative roles of different
signaling pathways, such as by autocrine, paracrine and vasocrine
pathways? (Sacks and Fain, 2007). There is also the question

as to the source of the adipocytes/adipose tissue that infiltrate
the myocardium in these disease conditions. Furthermore, what
processes initiate myocardial infiltration and what are the
molecular signaling events involved as the processes are initiated?
(Chilukoti et al., 2015; Pandit et al., 2016). Understanding such
processes and defining key molecular participants is necessary
for proposing new therapeutic approaches to treat these
diseases.

POTENTIAL CELLULAR AND MOLECULAR
MECHANISMS OF ADIPOSE
TISSUE-INDUCED MYOCARDIAL
REMODELING

As noted previously in a variety of reports (Iacobellis et al.,
2005; Cherian et al., 2012; Hatem and Sanders, 2014; Pandit
et al., 2016), adipocytes and other various cell types are present
within the myocardium, constituting ∼70% of total cardiac
cell population. From a cellular standpoint, infiltration of
the myocardium by abnormally proliferating cells can result
in electrophysiological challenges reminiscent of microfibrosis
(Wong et al., 2016). When infiltrates physically separate working
myocardial cells, such challenges result in abnormalities in
electrical propagation; including slowing of, and anisotropy in
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FIGURE 4 | Schematic of mechanisms underlying increased arrhythmogenic risk with increased excess adiposity. ANS, autonomic nervous system; IL, interleukin;

MMP, matrix metalloproteinase; ROS, reactive oxygen species; TLR, toll-like receptor; TNF, tumor necrosis factor. (Modified from Pandit et al., 2016).

the conduction of the electrical impulse. Indeed, in a fairly recent
large population study (Friedman et al., 2014; Wong et al., 2016),
a relationship between pericardial fat and atrial conduction
was demonstrated. Although not experimentally established, this
association presumably reflects myocardial events mediated by
above stated mechanisms.

Irrespective of depot site, each adipose tissue depot has an
impressive metabolic activity, with a secretome that reflects the
depot (Iacobellis et al., 2005; Hatem and Sanders, 2014; Venteclef
et al., 2015). Biofactors released by cardiac adipose tissue include
adipocytokines, e.g., adiponectin, resistin, fatty acid binding
protein, leptin; angiogenic factors, including angiogenin, vascular
endothelial growth factor; remodeling factors such as activin
A; and a number of inflammatory cytokines, which include
IL-1B, IL-6, TNF α, and monocyte chemotactic protein-1.
These biofactors have been implicated in various heart diseases
including coronary artery disease, obesity, and obesity-related
coronary artery disease, heart failure, and diabetes. Depending
on the biofactor, cardiac remodeling attendant to release of these
agents are thought to be related to their effects, for example,
on cell adhesion, extracellular matrix remodeling, dysregulation
of intracellular calcium homeostasis, fibrosis, and inflammation
(Hatem and Sanders, 2014). It is noteworthy that there are other
cell types in the heart, and especially inmyocardial adipose tissue,
including pre-adipocytes, fibroblasts, lymphocytes, macrophages,
and mast cells. Depending on (patho)-physiological conditions,
these cells have been shown to release several of biofactors,

including cytokines and free fatty acid, which are demonstrably
capable of myocardial remodeling. Thus, we have shown that
stearic acid, a major biofactor released by adipose tissue, causes
extensive structural and electrical remodeling of sheep atrial
myocytes (O’Connell et al., 2015). Cytokine production is linked
to cardiomyocyte hypertrophy, and affects myocyte contractile
activity (Martin and Blaxall, 2012). Moreover, properties of
several ionic channels in rabbit atrial myocytes incubated in
adipocyte media were significantly altered by the challenge
(Lin et al., 2012). It must be emphasized, nevertheless, that
with specific disease conditions, the biochemical properties
of adipose tissue depots are qualitatively and quantitatively
modified, an effect that will impact on themyocardial remodeling
processes involved. The schematic in Figure 4 summarizes
possible links and potential molecular mechanisms by which
excess adiposity may lead to structural and electrical remodeling
of the myocardium (Pandit et al., 2016). In the example provided,
increase in epicardial fat, such as in obesity and/or atrial
fibrillation, can lead to dysfunctionality in gene expression,
muscle activity and in the autonomic nervous system, by
mechanisms involving oxidative stress, fibro-fatty infiltration
and inflammatory cytokines. As schematized, these processes are
expected to enhance the generation of arrhythmogenic substrates
and of triggering mechanisms for the formation of abnormal
electrical impulses.

Overall, the subject matter of fatty infiltration has evolved
from mere autopsy and myocardial biopsy reports to the
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extensive investigations of the electrophysiological consequences
of such infiltrates. Indeed, advancements in imaging techniques
are increasingly focused on improving our ability for more
precise localization of epicardial fat depots and associated
infiltrations. Such investigative endeavors will enhance our ability
to determine correlations between such sites of infiltration and
arrhythmogenic substrates. Another important aspect of excess
adiposity and arrhythmogenicity is the origin and localization
of cells involved in the process of fatty infiltration. Moreover,
the types/subtypes of receptors, including the inflammation
related toll-like receptors, which may be involved in the
signaling of various biofactors, remain to be explored. Finally,
given the evidence of pluripotency of some cells present in
the myocardium, and especially in myocardial adipose tissues,

understanding the variety of stimuli or factors that may initiate
adipogenesis in the myocardium is also an important direction
for future studies.
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