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ABSTRACT

It is now recognized that the heart can behave as a true endocrine organ, which can modulate
the function of other tissues. Emerging evidence has shown that visceral fat is one such
distant organ the heart communicates with. In fact, it appears that bi-directional crosstalk
between adipose tissue and the myocardium is crucial to maintenance of normal function

in both organs. In particular, factors secreted from the heart are now known to influence

the metabolic activity of adipose tissue and other organs, as well as modulate the release of
metabolic substrates and signaling molecules from the periphery. This review summarizes
current knowledge regarding primary cardiokines and adipokines involved in heart-fat
crosstalk, as well as implications of their dysregulation for cardiovascular health.

Keywords: Cardiac myocytes; Adipocytes; Crosstalk; Adipokines; Cardiokines

INTRODUCTION

The myocardium has traditionally been considered a passive target of exogenous signaling
such as sympathetic innervation, which modulates its chronotropic, inotropic and lusitropic
characteristics. To a certain extent this is indeed the case; environmental input from the
autonomic nervous system as well as endocrine tissues influence heart rate, contraction

and relaxation in response to stimuli. §; adrenergic receptors, for example, are expressed

on cells of the sinoatrial and atrioventricular (AV) nodes as well as on atrial and ventricular
cardiac myocytes, where release of norepinephrine from postganglionic neurons of the
sympathetic nervous system increases heart rate and contractility in the classical “fight or
flight” response. However, there is a growing body of evidence indicating that the heart
itself behaves as a sophisticated paracrine and endocrine organ which can actively alter its
secretory phenotype in order to meet its metabolic and energetic demands, as well as recruit
other cell types such as immune cells in response to damage or inflammation.

The concept of the heart as an organ with endocrine and paracrine signaling, capable of
cross-talk with other cells and tissues, arises from the discovery in the 1970s and 1980s that
mammalian atrial and ventricular cardiac myocytes secrete small peptide hormones which
lower blood pressure via excretion of excess sodium from the kidneys: atrial natriuretic
peptide (ANP) and brain natriuretic peptide (BNP), respectively.) These are now commonly
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considered part of the cardiac natriuretic peptide (cNP) family, where circulating levels of
ANP and BNP are increased in several cardiac pathologies such as heart failure (HF) and can
be used diagnostically as well as prognostically.? Since then, numerous signaling factors
from the myocardium to other target tissues have been identified, such as endothelin-1 and
adrenomedullin.”

Approaching our understanding of the myocardium as an endocrine organ, which actively
participates in bidirectional signaling, both in health and pathology, shifts the classical
paradigm of the heart as a pump whose function is altered solely by exogenous factors,

to one where the heart possesses a great deal of influence and sophistication in altering
the metabolic phenotype of other cell and tissue types. Herein is a summary of current
knowledge regarding important molecular players involved in the communication between
cardiac and adipose tissues, which is one line of endocrine/paracrine communication that
has come to the forefront.

MYOCARDIAL ENERGY DEMANDS AND SUBSTRATE
UTILIZATION

The heart necessitates an extraordinary demand for fuel in order to function appropriately.
As a result, the adult heart obtains up to 90% of its energy from mitochondrial B-oxidation of
long-chain fatty acids (FAs); the remainder of energy is supplied from oxidation of substrates
such as glucose, lactate and ketone bodies.”¥ These free FAs (FFAs) are provided in large
part by fat stores in the body, as activation of lipolysis in adipocytes via ;AR signaling
provides energy to the heart; conversely, the heart possesses the ability to regulate adipocyte
metabolism through molecules such as ANP and BNP.” Per gram, FA oxidation provides the
greatest energy yield compared to other substrates; however, the process of lipid catabolism
required to convert long-chain FAs into acetyl CoA requires a higher oxygen demand than
substrates such as carbohydrates®—a demand for oxygen which is not always available to the
myocardium. In these circumstances, other substrates such as glucose, for which adenosine
triphosphate (ATP) production is less oxygen-consuming than ATP from FA catabolism, may
be preferred.

One of the most remarkable features of myocardial metabolism, therefore, is its flexibility

in response to changes in the availability of substrates, exogenous signals such as during
development, or physiological health of cardiac myocytes such as in disease. For example,
fetal development occurs in a low-oxygen environment where reliance on FA B-oxidation
would not provide enough ATP. Substrate preference in fetal hearts is therefore biased toward
glucose oxidation for which oxygen demands are lower and more energetically efficient, an
observation which has been established for several decades.”® The increased availability of
oxygen in the postnatal environment initiates a metabolic “switch” from fetal to adult gene
transcription which controls substrate utilization, mitochondrial biogenesis, and an adult
cellular phenotype in cardiac myocytes. This postnatal gene reprogramming is driven by
nuclear receptor peroxisome proliferator-activated receptor (PPAR) o and PPAR-y coactivator
1 (PGC-1a) wherein PPAR-a is activated by ligand binding of FAs and positively regulates

the expression of multiple genes involved in FA uptake and oxidation in cardiac myocytes.?
Additionally, PGC-1a activates PPAR-a, which in turn increases mitochondrial biogenesis and
an increase in carnitine palmitoyl transferase I expression and related genes involved in FA
substrate utilization.!”
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Following ischemic events such as observed during myocardial infarction (MI), which
reduce levels of available oxygen, or other cardiac stressors like pressure or volume overload,
hyperglycemia or localized inflammation, the adult heart responds to a wide spectrum of
stressors by reverting back to a glucose-biased phenotype via fetal gene reprogramming."V
The upregulation of transcription factors such as NFATc1, NKX2-5, GATA4, and MEF2, as
well as signaling proteins such as ANP and transforming growth factor 3, are responsible for
the reverse metabolic switch to fetal substrate utilization,' wherein changes in metabolic
signaling occur prior to pathological changes to the myocardium as seen in hypertrophy
and failure. Of note, these include changes in expression of several important metabolic
regulators which function in fetal physiology but are primarily pathological in nature when
reiterated in the adult heart.

During the transition from non-failing function to HF in the adult human myocardium, for
example, levels of glucose transporters such as GLUT1 and GLUT4, pyruvate dehydrogenase
kinase 2, medium chain acyl-CoA dehydrogenase and acetyl-CoA carboxylase decrease to
those observed in fetal hearts,® which acutely may rely on the efficiency of glucose oxidation
during periods of oxygen unavailability. To further support the concept of metabolic substrate
switching acting as an immediate protective mechanism, it has been shown that during
hypoxia, increased cardiac glycogen stores in the heart are positively correlated with survival.'*19
Conversion of circulating (intracellular) glucose into glycogen during cardiac stress prevents
aberrant or excessive glycosylation of proteins in cardiac myocytes as well as oxidative stress
induced by glucotoxicity. Additionally, as switching from metabolism of FAs to glucose appears
to be a necessary prerequisite for immediate cell survival, increased glycogen stores offer a
significant source of energy production during periods of limited substrate availability such as
that seen during cardiac ischemia.” Unsurprisingly, hypoxic events in the heart trigger a rapid
downregulation of genes under the control of PPAR-0, which further supports the observation
of metabolic substrate switching from FAs to glucose."

ADIPOSE TISSUE AND ENDOCRINE SIGNALS TO THE HEART

Adipose tissue can be classified by its anatomical location as well as its phenotype and
embryonic origin (Figure 1). Subcutaneous adipose tissue (SAT) can be found immediately
below the skin and associated vasculature thoracically and abdominally as well as in the
extremities, whereas visceral adipose tissue (VAT) is mainly restricted to the regions
surrounding the organs of the torso such as the stomach, liver, kidneys and gastrointestinal
tract' and is associated with hepatic portal drainage. SAT differs from VAT in a number of
important features; namely, VAT is more highly vascularized and innervated than SCAT and
contains more immune cells such as macrophages. Metabolically, the two adipocyte deposits
differ as well; VAT contains higher densities of glucocorticoid and androgen receptors than
SAT and as a result, adipocytes comprising VAT are more metabolically active, more insulin-
resistant and more sensitive to lipolysis.’”?? VAT additionally possesses reduced preadipocyte
differentiating capacity relative to SAT. Importantly, like epicardial adipose tissue (EpAT), the
specialized fat deposit covering the myocardium, VAT has a greater capacity to release FFAs
into circulation as well as to uptake glucose than SAT and is more sensitive to adrenergic
stimulation.?” SAT, conversely, readily takes up circulating FFAs and triglycerides from the
bloodstream. Due to these differences in metabolism and signaling, VAT volume and visceral
fat mass are a better predictor of patient mortality than SAT.'
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Figure 1. Metabolic crosstalk is dictated by various tissue types. Adipose tissue deposits are classified by
anatomical location and phenotype. Inset: key factors are secreted by both myocardial and adipose tissue, which
regulate the functions of each other in both health and pathology.

ANF = atrial natriuretic factor; ANP = atrial natriuretic peptide; BCAA = branched-chain amino acid; BNP = brain
natriuretic peptide; miR = microRNA.

Within non-cardiac AT deposits, adipocytes are further differentiated into white adipose
tissue (WAT) and brown adipose tissue (BAT). BAT adipocytes are smaller than WAT
adipocytes and, due to the high concentration of mitochondria and extensive vascularization,
appear brown in color. BAT mitochondria express high levels of uncoupling protein 1 (UCP1),
which is responsible for their greater thermogenic capacity than WAT. This difference in
phenotype is partially due to differences in evolutionary origin, as BAT adipocytes are derived
from the same origins as skeletal muscle.?” BAT adipocytes also contain a greater number of
lipid droplets, which are smaller in size than the single large triglyceride droplet possessed
by WAT adipocytes. Of note, WAT adipocytes possess fewer mitochondria than their BAT
counterparts, although WAT adipocytes require large amounts of ATP to drive cellular
functions such as mitochondrial biogenesis, generation of triglycerides during lipogenesis,
release of FFAs into circulation during lipolysis.?» Conversely, BAT adipocytes are of critical
importance in neonates as well as during cold stress, and rather than releasing stored
triglycerides as circulating FFAs for use by other tissues, FA oxidation in BAT adipocytes
drives thermogenesis.? Within WAT deposits exist adipocytes which are derived from WAT
but possess with some characteristics of brown adipocytes. First described several decades
ago in mouse models® these cells are now referred to as beige or brite (brown + white)
adipocytes. Beige adipocytes phenotypically resemble brown adipocytes due to the presence
of multilocular lipid droplets, greater number of mitochondria, and high UCP1 expression,*
and WAT can be induced to “browning” by cNPs or by PGCl-a expression and irisin secretion
from the skeletal muscle? as examples of cardiokine-mediated crosstalk in mouse models.?®)

EPICARDIAL ADIPOSE TISSUE AND LOCALIZED HEART-
FAT CROSSTALK

EpAT is located between the visceral pericardium and the heart, in direct contact with

the myocardium derived from the splanchnopleuric mesoderm which is developmentally

associated with the digestive tract.?” Possessing features of both WAT and BAT, EpAT
primarily lies along the AV and interventricular grooves, as well as over the free wall of the
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right ventricle and apex of the left ventricle, where the coronary arteries provide its blood
supply.>” This location allows EpAT to regulate cardiac metabolism via secretion of molecules
such as adiponectin,? as well as receive signals from the heart in response to injury or
disease.® EpAT is a metabolically active organ which generates FFAs and inflammatory
cytokines, and as such, recent studies suggest that this localized fat distribution plays an
important role in the development of pathology such as HF, type II diabetes mellitus and
metabolic syndrome.*® Currently, EpAT thickness is utilized as a clinical biomarker correlated
to features of both HF and metabolic syndrome such as left ventricular (LV) mass, mean
arterial blood pressure, and circulating low-density lipoprotein cholesterol, fasting insulin,
and adiponectin levels.>¥*) Due to its proximity and role in cardiac crosstalk, EpAT is highly
specialized in its ability to provide energy and maintain energetic homeostasis in the heart.
Compared to visceral and subcutaneous fat deposits, EpAT releases and takes up circulating
FFAs at a much higher rate, and conversely utilizes glucose at much lower levels, and as FFAs
serve as the primary energy substrate for cardiac myocytes, these high FA metabolic rates
may serve as a buffer against lipotoxicity while enabling rapid access to preferred cardiac
substrate,* much in the same way uptake of glucose into glycogen buffers hepatocytes
against glucotoxicity and glycation of proteins.'”

ADIPOKINES AND CARDIOKINES: KEY MESSENGERS
BETWEEN THE HEART AND FAT

Leptin

The first signaling molecule discovered which is secreted by adipocytes was the small peptide
hormone leptin in 1994.% Leptin acts predominantly on receptors in the hypothalamus to
modulate hunger and inhibit lipid storage in adipocytes,* where its loss has been linked to
obesity and skeletal muscle remodeling in both human subjects and in animal models such
as in leptin-deficient ob/ob mice.®® Additionally, obese patients demonstrate high circulating
levels of leptin due to an increased fat mass® and leptin insensitivity, similar to insulin
resistance observed in patients with type 2 diabetes, diminishes satiety signaling which in
turn exacerbates HF.*” Since then it has been shown that separate from its role in modulating
obesity which can indirectly drive HF, leptin can also act directly on the myocardium*)

where it performs several functions including FA and glucose metabolism and protection
against apoptosis during stress. The human heart highly expresses leptin receptors, and
while it has been demonstrated that leptin is sufficient to trigger growth of cultured cardiac
myocytes,* this claim is controversial as not all studies demonstrate hypertrophic effects

of leptin in vitro. Interestingly, clinical studies demonstrate an association of circulating
plasma leptin levels with cardiac hypertrophy; specifically, several studies involving insulin
resistant patients showed a positive correlation between fasting plasma leptin levels with
myocardial wall thickness, but not with LV mass, even after correcting for body mass index,
which suggests that leptin plays a role in LV hypertrophy.*? Of note, cardiac myocytes isolated
from objob mice demonstrate diminished expression of the leptin receptor, hypertrophy, and
contractile defects such as decreased peak shortening and lower maximal velocity of myocyte
shortening and relengthening; these defects were not observed in age- and gender-matched
high fat-induced obese counterparts with normal leptin signaling.”) During cardiac injury,
leptin appears to play a protective role; for example, cardiac ischemia has been reported to
have varying effects on expression of leptin receptors, with ischemia/reperfusion studies in
isolated Sprague-Dawley rat heats demonstrating that ischemic injury was associated with
decreased leptin receptor expression.*¥
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Adiponectin

Adiponectin, also referred to as GBP-28, apM1, and AdipoQ, is a small (<250 aa) polypeptide
hormone in the complement 1q family and encoded by the ADIPOQ gene.* Produced by
adipocytes. adiponectin belongs to the complement 1q family but bears structural homology
to tumor necrosis factor alpha (TNF-a).*) The primary functions of adiponectin are regulation
of glucose levels and catabolism of FFAs through B-oxidation*”; as a result, dysregulation of
adiponectin levels has been implicated in various metabolic pathologies. Obese individuals
have been reported to possess lower circulating adiponectin levels compared to non-obese
individuals,*® as well as in patients with type Il diabetes mellitus and metabolic syndrome.®
Conversely, its overexpression suppresses adipocyte growth and differentiation*” with marked
increase in energy expenditure and upregulation of uncoupling proteins.

Given that obesity is a well-established risk factor for pathologic cardiac remodeling and
hypertrophy,® and that insulin resistance manifests as diastolic dysfunction even early in
its development,* studies in the past decade have shown that adiponectin is a key player in
the development of pathological cardiac remodeling during HF in large part due to its role
in insulin resistance. Mirroring what is observed in patients with type 2 diabetes mellitus,
streptozotocin-induced diabetic rats demonstrate markedly reduced circulating plasma
adiponectin levels but a cardiac-specific upregulation of adiponectin receptor 1 along with
decreased phosphorylation of adenosine monophosphate-activated protein kinase and
reduced expression of the glucose transporter GLUT4.5? Cardiac glucose utilization is
dependent on availability of and sensitivity to insulin, and decreased responsiveness of the
heart to metabolic regulation such as provided by insulin and adiponectin signaling, can
create a state of cardiac metabolic dysfunction which is a risk factor for the development
of cardiovascular diseases (CVDs) such as hypertension-induced hypertrophy.®> Further
linking reduced adiponectin levels and insulin resistance, adiponectin-knockout murine
models demonstrate slower plasma clearance of FFAs, reduced FA transport protein 1 levels,
and increased TNF-a levels in adipocytes as well as plasma.> The effects of adiponectin
loss in adipocytes triggers molecular changes in myocytes such as severely reduced insulin-
receptor substrate 1 (IRS-1)-associated P13K activity.

In the context of acute myocardial damage, such as seen in infarction, adiponectin plays a
critical role in myocardial wound healing, as circulating adiponectin not only directly signals to
cardiac myocytes, but enhances the secretion of the anti-inflammatory cytokine interleukin-10
by macrophages and in fact promotes macrophage polarization toward the anti-inflammatory
M2 phenotype required for wound healing post myocardial damage.*® Adiponectin signaling
from adipose tissue to the myocardium, additionally, exerts anti-apoptotic and antioxidant
effects on cardiac myocytes following damage to the heart via activation of the enzyme
ceramidase which is associated with the adiponectin receptors AdipoR1 and AdipoR2.%” Of
importance, specific myocardial injury such as seen in patients undergoing heart surgery,
which induces acute oxidative stress, triggers compensatory upregulation of adiponectin levels
via cardiac myocyte-derived release of lipid peroxidation products which signal to adipocytes in
EpAT to stimulate PPAR-y activity and increase production of adiponectin from the epicardial
fat pad to the injured myocardium.? This example of finely-tuned bidirectional crosstalk
between adipocytes and cardiac myocytes highlights the importance of fat in cardiac health as
well as pathology, particularly as myocardial oxidative stress is an important predictor of the
development of cardiac diseases and the loss of adipokine signaling contributes to not only the
development of chronic cardiac disease but acute pathology such as atrial fibrillation observed
in patients following heart surgery.?
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Omentin

Also known as intelectin-1, this peptide is a recently identified novel adipokine which is still
poorly characterized; however, it is expressed primarily in EpAT and omental adipocytes™
and is implicated in directed crosstalk with the myocardium and may be a major player

in the protective effects of the EpAT following myocardial injury. Of note, obese patients

and animal models report reduced circulating plasma levels and RNA-level expression of
omentin,” and independent of obesity similar reduction in circulating omentin levels are
observed in patients with metabolic syndrome and type 2 diabetes.®” Reduced circulating
levels of omentin are positively correlated with CVD such as atherosclerosis, HF, and MI.%

It has been shown experimentally in animal models that omentin has protective effects
against myocardial ischemia-reperfusion damage® and that during ischemic injury, omentin
expression decreases myocardial hypertrophy and is pro-angiogenic.®” Additionally, omentin
treatment causes vasodilation via endothelium-dependent nitric oxide signaling in isolated
rat aorta®¥® and inhibits vasoconstriction following treatment with noradrenaline.

Branched-chain amino acids

Named due to the structure of the side chain possessing a branched carbon moiety,
branched-chain amino acids (BCAAs) are comprised of the essential amino acids valine,
leucine and isoleucine and are regulated by catalysis of proteins in cells such as myocytes,
hepatocytes and adipocytes, and their homeostasis is determined largely by catabolic
activities in a number of organs including liver, muscle and adipose tissue.® It is known that
elevated circulating plasma levels of leucine, isoleucine and valine are frequently found in,
and positively correlated with, increased CVD risk, and that dietary BCAA intake, particularly
for leucine, is linked to increased diagnosis of CVD such as atherosclerosis.®® Recent
genomics studies have identified the transcription factor Kriippel-like factor 15 as a key
upstream regulator of cardiac BCAA catabolism, and that defects in normal BCAA catabolism
promoted pressure overload-induced HF*) and increased mitochondrial oxidative stress in
cardiac myocytes.

Excitingly, recent studies of cardiac G protein-coupled receptor kinase (GRK) activity have
unveiled a previously unknown level of whole-body metabolic control, namely adiposity, by
the heart. GRK2 and its regulated activity in cardiac myocytes specifically has been identified
as a systemic metabolic modulator; for example, it has been shown that GRK2 can promote
insulin resistance in the heart by phosphorylating IRS-1.® Woodall et al.*” demonstrated

the importance of cardiac control of BCAA metabolism on adipocyte differentiation by
comparing the effects of a high-fat diet (HFD) on control mice compared to cardiac-specific
transgenic mice expressing a C-terminus peptide of GRK2 known as the BARKct that is an
inhibitor of GRK2 activity (TgBARKct). TgBARKct mice demonstrated a significant increase
in several metabolites belonging to the BCAA pathway both in heart tissue as well as in serum
circulation, including a-hydroxyisovalerate (HIVA) and 2-hydroxy-3-methylvalerate (HMVA).
Interestingly, TgBARKct mice that have decreased GRK2 activity, gained significantly more
weight than non-transgenic control mice after a HFD and this was manifested in significantly
more visceral fat in number and size of adiposites.® Conversely, transgenic mice with
cardiac-specific overexpression of GRK2 (TgGRK2) demonstrated opposite changes in BCAA
intermediates to those seen in TgBARKct mice fed a HFD and also reciprocally, TgGRK2
mice had a lean phenotype after HFD compared to their non-transgenic controls.®® As it has
been established that elevated BCAA concentrations have been linked to obesity, insulin
resistance and metabolic syndrome, these experiments more closely link cardiac-secreted
factors with peripheral adiopogenesis as circulating metabolites differentially regulated by
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GRK2 signaling in the heart was acting as a cardiac-generated signaling molecule. Due to the
reciprocal nature of the obesity phenotype after a HFD in mice with gain or loss of myocyte
GRK2 activity along with reciprocal cardiac and circulating BCAA catabolites, several
a-hydroxy BCAA metabolites, HIVA, HMVA, and a-hydroxyisocaproate, were examined as
potential adipogenic cardiokines. It was discovered that HMVA demonstrated a positive
effect on lipid accumulation in differentiated 3T3-L1 cells which was dose-dependent®; this
suggests that changes in BCAA metabolism in the heart trigger altered release of cardiokines
such as HMVA, which are regulators of adipocyte differentiation and thus, behavior of
metabolically important cells such as adipocytes. This study also identified other small
molecule metabolites reciprocally regulated in TgBARKct and TgGRK2 mice that have the
potential to also communicate with systemic adipocytes including endocannabanoids.®
However, the study did not rule out larger protein factors secreted by the myocyte that

is responsible for changing adiposity after a HFD when GRK2 levels are changed. In any
regards, since GRK2 is up-regulated in the injured or stressed heart,” changes in GRK2
activity in the myocyte and subsequent regulation of adipocytes is something extremely
important to consider in future studies.

Given the importance of protein turnover in healthy cardiac function and the correlation
between defective BCAA metabolism and CVD,” it is also important to acknowledge the
critical role adipocytes play in regulating AA metabolism. It is known that BCAA catabolism
promotes adipogenesis™ and as demonstrated above, this mechanism is partially under
cardiac crosstalk control. Additionally, it is known that a metabolic substrate switch occurs
between proliferating cells, which use glucose and glutamine to generate acetyl-coenzyme
A for tricarboxylic acid (TCA) cycle entry, and differentiated adipocytes which prefer BCAAs
such as leucine and isoleucine and which contribute as much as a third of acetyl-coenzyme
A source substrate.” Recently, whole-body isotopic tracing of BCAAs in healthy and insulin-
resistant mice™ in order to determine their tissue-specific fate for metabolic oxidation has
uncovered that under normal conditions, the myocardium, skeletal muscle, BAT, and liver
utilize the greatest amount of BCAAs for TCA cycle substrate; however, insulin-resistant mice
shifted BCAA usage in myoyctes and demonstrated reduced BCAA oxidation in adipocytes
and liver, likely affecting cardiac metabolism under these conditions.

Atrial natriuretic peptide and brain natriuretic peptide

Natriuretic peptides were the first cardiokines discovered, with ANP or factor identified as

a 28-amino acid molecule secreted by granules in the atria” which triggered diuresis from

rat kidney when purified and administered exogenously.” BNP was subsequently discovered
in atria from a porcine model and confirmed in humans*” as having similar effects as

AND. Both proteins are released by cardiac myocytes in response to hypervolemic states,
stimulation with angiotensin II stimulation and endothelin, and B-AR activation.®) Elevated
levels of ANP and BNP are found during HF, and circulating levels of BNP and its larger
precursor protein NT-pro-BNP are sensitive, diagnostic markers utilized clinically to assess
HF in patients.®) Aside from their effects in modulating the effects of the renin-angiotensin-
aldosterone system, ANP and BNP are now known to signal to adipose tissue.”’ Plasma

levels of both ANP and BNP are reduced in people with obesity, type 2 diabetes mellitus and
metabolic syndrome,® and cardiac mRNA expression of both ANP and BNP in db/db mice®)
and obese Zucker rats® is significantly lower than healthy controls. Overall this indicates that
metabolic regulation by natriuretic peptides is inversely correlated with overall cardiovascular
risk. Importantly, adipocytes possess receptors for both ANP and BNP,*)% where they have
such effects as increasing lipolysis via an adenylyl cyclase-independent and cGMP-dependent
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mechanism and modulate the release of adipokines.®” Therefore, altered cardiac secretion of
ANP and BNP may be potentially linked to obesity and metabolic syndromes, rather than a
consequence of adipokine dysregulation affecting cardiac health.

MicroRNAs

MicroRNAs (miRs) are small, highly-conserved noncoding RNAs involved in post-
transcriptional gene regulation and protein translation. Currently over 2,000 miRs have
been identified.®® Their role in both development and health as well as pathology indicate
a potential involvement in cardiac-adipose crosstalk since they are abundantly found in the
circulation. One of the first identified miRs, a 20-24 nucleotide noncoding RNA transcript,
was determined to be myocyte specific with expression detected by embryonic day 8.5

in murine hearts and an increase in expression throughout cardiac development.® The
miR-27 family is indirectly implicated in HF due to its role in cholesterol homeostasis, FA
metabolism, and adipocyte differentiation.”” Levels of miR-27 are downregulated during
adipocyte differentiation; conversely overexpression of this miR family inhibits adipocyte
formation when overexpressed, primarily through post-transcriptional inhibition of by miR-
27a and -27b as well as inhibition of C/EBP alpha in by miR-27b.%V

The effects of miRNA regulation on adipocyte crosstalk with the heart are mostly indirect and
involve miR-mediated lipogenesis, browning or inflammation and the resultant endocrine
signals released by adipose tissue. As a result, these miRs can be classified as pro-adipogenic
or anti-adipogenic in nature.’ Examples of miRs which promote adipocyte differentiation
include miR-143, miR-103, miR-146b, miR-148, and miR-33b; their upregulation promotes
activity of PPARy2, cell cycle transcription factors, FABP4, GLUT4, and adiponectin and levels
of pro-adipogenic miRs are inversely correlated with type 2 diabetes, obesity and other CVD
risk factors.”?*® Conversely, anti-adipogenic miRs include miR34a, miR-125-5p and miR-
200b/a. MiR-34a for example, is released from adipocytes and circulating levels are increased
in serum from diabetic patients.’¥ It is now known that circulating miRs are released from
AT in exosomes, and confer endocrine-like effects on other tissues.® The implications of
miR-based crosstalk between the heart and fat, and its effects on myocardial health demand
further study, particularly as differences in circulating miR populations exist in patients with
CVD risk factors. A large clinical study comparing circulating miRs of obese vs lean children
uncovered a cohort of differentially-expressed miRs; miR-486-5p, miR-486-3p, miR-142-3p,
miR-130b, and miR-423-5p were upregulated and correlated positively with insulin resistance,
high-molecular-weight adiponectin, C-reactive protein levels, and circulating FFAs.?

A small number of consistently stress-responsive dysregulated miRs in CVD have emerged
from these studies, however, with postmortem comparison of cardiac tissue from patients
who experienced MI to that of trauma victims without cardiac disease and fetuses without
cardiac abnormalities revealed upregulation of miR-208 and downregulation of miR-1 and
miR-133a from infarcted cardiac tissue compared to healthy adult and fetal hearts.””) Another
pathological cardiac miR identified recently is miR-195, which in human hearts is consistently
upregulated during pathological hypertrophy, and murine models of cardiac-specific miR-
195 overexpression results in dilated cardiomyopathy and decompensatory HF in mice.*
Mir208 in particular has become an attractive target for HF studies. The miR-208 family
consists of miR-208a and miR-208b, which are highly homologous in sequence; however,
miR-208a is encoded by an intron of Myh6 whereas miR-208b is located within an intron of
Myh7.°Y Myh7 is predominantly expressed in the embryonic hearts of mice and the majority
of myosin isoform expression transitions to Myh6 postnatally, which mirrors a switch from
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miR-208b to miR-208a expression during birth.!°” The role of the miR-208 family in driving
HF is highlighted in the response of miR-208 mice to cardiac stressors; following pressure
overload by thoracic aortic constriction or signaling by calcineurin mice lacking miR-2087"
were resistant to cardiac hypertrophy and fibrosis, did not experience upregulation of myosin
heavy-chain beta (the product of MYH?7) as observed in wild type (WT) mice.*?

However, the mechanisms responsible for the protective effects of miR-208 deletion were
not elucidated until recently. Following the observation that MiR-208a” hearts resembled
hearts of hyperthyroid patients, which are, interestingly, also protected against pathological
hypertrophy and fibrosis. Grueter et al."® determined that one of the validated targets

of miR-208a is a component of the Mediator complex, a multi-protein machine which
modulates thyroid hormone-dependent transcription, named MED13. First identified in

a Drosophila model as a negative regulator of lipid accumulation, knockdown of MED13
using siRNA targeted with a muscle-specific promoter caused excessive adiposity,'*?
pharmacological studies utilizing mice treated with a specific miR-208a inhibitor (anti-miR-
208a) over several weeks were leaner than control littermates without changes to no effect
on cardiac size, weight or cardiac contractility. Similar findings were observed in transgenic
mice overexpressing MED13 specifically in the heart (MED13cTg, mice), which were lighter
and possessed less fat mass with smaller adipocytes than WT littermates and demonstrated
resistance to obesity when fed a HF diet. Interestingly, both visceral WAT and subscapular
BAT mass were reduced Med13Tg mice on a HFD. Given that a reverse phenotype occurs with
cardiac deletion of MED13, including increased susceptibility to diet-induced obesity and
metabolic syndrome, miR208 has emerged as a critical modulator of whole-body metabolism
and energy homeostasis. More recent studies from this group'® have further established a
role for miR-208 in cardiac regulation of target tissues by showing that the lean phenotype
observed in MED13cTg mice is correlated with increased lipid uptake, FA B-oxidation,

and total mitochondrial content in both WAT and liver. Most importantly, the cardiac
overexpression of MED13 seen in MED13cTg mice decreases the expression metabolic genes
in the heart, but upregulates these genes in WAT,'%) and parabiosis of MED13cTg and WT
mice demonstrate that circulating factors in MED13cTg mice confer enhanced metabolism
and a lean phenotype to attached WT mice. Importantly, studies in our lab, ruled out this
pathway contributing to the altered post-HFD obesity phenotype in cardiac-specific GRK2
altered mice,* demonstrating that GRK2 activity is regulating novel signaling leading to
release of cardiokines that can regulate fat.

CONCLUSION

As cardiovascular research increasingly supports the concept of the myocardium as a
dynamic, communicative organ with the ability to secrete a wide range of messengers known
as cardiokines, and adipose tissue as an important metabolic tissue whose adipokines relay
messages to the heart, it is critical to assess current knowledge of crosstalk between these
tissues. The nature of these signals is truly bidirectional, as damage to the myocardium has
been shown to impact peripheral metabolic changes; conversely, systemic diseases such

as obesity and type 2 diabetes mellitus are associated with a number of direct phenotypic
changes to the myocardium as well as indirect effects like inflammatory cell recruitment
which in turn exacerbate CVD. As new members of the heart-fat secretomes are identified,
there exists an increasing emphasis on the importance of beneficial molecular messengers
such as adiponectin on myocardial health, and not simply detrimental biomarkers released
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from AT. Additionally, further research is needed to examine the unique and double-

edged nature of EpAT, a truly unique crosstalk player which can impact cardiac health both
protectively and during pathology. Ultimately, there exists a delicate and dynamic balance
between adipokines and cardiokines that determines the consequences of metabolic disease
and CVD on one another. Most importantly, little is yet known about the balance of protective
cytokines to and from the heart in the context of pathology, where such novel cardiokines
offer both therapeutic targets and clinically relevant biomarkers. The heart will continue to
reveal itself as a highly sophisticated endocrine and paracrine organ, capable of speaking
many languages as it negotiates supply and demand with a complex landscape of adipose
tissues as well as the rest of the body.

REFERENCES

1. Ogawa T, de Bold AJ. The heart as an endocrine organ. Endocr Connect 2014;3:R31-44.
PUBMED | CROSSREF
2. deBold AJ, Ma KK, Zhang Y, de Bold ML, Bensimon M, Khoshbaten A. The physiological and
pathophysiological modulation of the endocrine function of the heart. Can J Physiol Pharmacol 2001;79:705-14.
PUBMED | CROSSREF
3. Stanley WC, Recchia FA, Lopaschuk GD. Myocardial substrate metabolism in the normal and failing
heart. Physiol Rev 2005;85:1093-129.
PUBMED | CROSSREF
4. Grynberg A, Demaison L. Fatty acid oxidation in the heart. ] Cardiovasc Pharmacol 1996;28 Suppl 1:S11-7.
PUBMED
5. Collins S. A heart-adipose tissue connection in the regulation of energy metabolism. Nat Rev Endocrinol
2014;10:157-63.
PUBMED | CROSSREF
6. Pascual F, Coleman RA. Fuel availability and fate in cardiac metabolism: a tale of two substrates. Biochim
Biophys Acta 2016;1861:1425-33.
PUBMED | CROSSREF
7. Beatty CH, Young MK, Dwyer D, Bocek RM. Glucose utilization of cardiac and skeletal muscle
homogenates from fetal and adult rhesus monkeys. Pediatr Res1972;6:813-21.
PUBMED | CROSSREF
8. Lopaschuk GD, Collins-Nakai RL, Itoi T. Developmental changes in energy substrate use by the heart.
Cardiovasc Res 1992;26:1172-80.
PUBMED | CROSSREF
9. Lehman JJ, Barger PM, Kovacs A, Saffitz JE, Medeiros DM, Kelly DP. Peroxisome proliferator-activated
receptor y coactivator-1 promotes cardiac mitochondrial biogenesis. | Clin Invest 2000;106:847-56.
PUBMED | CROSSREF
10. Taegtmeyer H, Sen S, Vela D. Return to the fetal gene program: a suggested metabolic link to gene
expression in the heart. Ann N 'Y Acad Sci 2010;1188:191-8.
PUBMED | CROSSREF
11. Rajabi M, Kassiotis C, Razeghi P, Taegtmeyer H. Return to the fetal gene program protects the stressed
heart: a strong hypothesis. Heart Fail Rev 2007;12:331-43.
PUBMED | CROSSREF
12. Dirkx E, da Costa Martins PA, De Windt LJ. Regulation of fetal gene expression in heart failure. Biochim
Biophys Acta 2013;1832:2414-24.
PUBMED | CROSSREF
13. Razeghi P, Young ME, Alcorn JL, Moravec CS, Frazier OH, Taegtmeyer H. Metabolic gene expression in
fetal and failing human heart. Circulation 2001;104:2923-31.
PUBMED | CROSSREF
14. Chen CH, Liu YF, Lee SD, et al. Altitude hypoxia increases glucose uptake in human heart. High Alt Med
Biol2009;10:83-6.
PUBMED | CROSSREF
15. Fewell JE, Zhang C. Heart glycogen influences protective responses of rat pups to hypoxia during early
postnatal maturation. Biol Syst Open Access 2013;2:106.

https://doi.org/10.4070/kcj.2019.0400 389


http://www.ncbi.nlm.nih.gov/pubmed/24562677
https://doi.org/10.1530/EC-14-0012
http://www.ncbi.nlm.nih.gov/pubmed/11558679
https://doi.org/10.1139/y01-038
http://www.ncbi.nlm.nih.gov/pubmed/15987803
https://doi.org/10.1152/physrev.00006.2004
http://www.ncbi.nlm.nih.gov/pubmed/8891866
http://www.ncbi.nlm.nih.gov/pubmed/24296515
https://doi.org/10.1038/nrendo.2013.234
http://www.ncbi.nlm.nih.gov/pubmed/26993579
https://doi.org/10.1016/j.bbalip.2016.03.014
http://www.ncbi.nlm.nih.gov/pubmed/4630128
https://doi.org/10.1203/00006450-197211000-00002
http://www.ncbi.nlm.nih.gov/pubmed/1288863
https://doi.org/10.1093/cvr/26.12.1172
http://www.ncbi.nlm.nih.gov/pubmed/11018072
https://doi.org/10.1172/JCI10268
http://www.ncbi.nlm.nih.gov/pubmed/20201903
https://doi.org/10.1111/j.1749-6632.2009.05100.x
http://www.ncbi.nlm.nih.gov/pubmed/17516164
https://doi.org/10.1007/s10741-007-9034-1
http://www.ncbi.nlm.nih.gov/pubmed/24036209
https://doi.org/10.1016/j.bbadis.2013.07.023
http://www.ncbi.nlm.nih.gov/pubmed/11739307
https://doi.org/10.1161/hc4901.100526
http://www.ncbi.nlm.nih.gov/pubmed/19278356
https://doi.org/10.1089/ham.2008.1064
https://e-kcj.org

C

Metabolic Crosstalk between the Heart and Fat Korean Circulation Journal

https://e-kcj.org

16.

17. Taegtmeyer H. Glycogen in the heart--an expanded view. ] Mol Cell Cardiol 2004;37:7-10.
PUBMED | CROSSREF

18. SethiJK, Vidal-Puig AJ. Thematic review series: adipocyte biology. Adipose tissue function and plasticity
orchestrate nutritional adaptation. | Lipid Res 2007;48:1253-62.
PUBMED | CROSSREF

19. Joyner JM, Hutley L], Cameron DP. Glucocorticoid receptors in human preadipocytes: regional and
gender differences. | Endocrinol 2000;166:145-52.
PUBMED | CROSSREF

20. HellmérJ, Marcus C, Sonnenfeld T, Arner P. Mechanisms for differences in lipolysis between human
subcutaneous and omental fat cells. | Clin Endocrinol Metab1992;75:15-20.
PUBMED

21. Imbeault P, Couillard C, Tremblay A, Després JP, Mauriege P. Reduced alpha(2)-adrenergic sensitivity of
subcutaneous abdominal adipocytes as a modulator of fasting and postprandial triglyceride levels in men.
] Lipid Res 2000;41:1367-75.

PUBMED

22. Seale P, Bjork B, Yang W, et al. PRDMI16 controls a brown fat/skeletal muscle switch. Nature 2008;454:961-7.
PUBMED | CROSSREF

23. Wilson-Fritch L, Burkart A, Bell G, et al. Mitochondrial biogenesis and remodeling during adipogenesis
and in response to the insulin sensitizer rosiglitazone. Mol Cell Biol 2003;23:1085-94.

PUBMED | CROSSREF

24. Bamshad M, Song CK, Bartness TJ. CNS origins of the sympathetic nervous system outflow to brown
adipose tissue. Am ] Physiol 1999;276:R1569-78.
PUBMED

25. Young P, Arch JR, Ashwell M. Brown adipose tissue in the parametrial fat pad of the mouse. FEBS Lett
1984;167:10-4.
PUBMED | CROSSREF

26. Rosenwald M, Wolfrum C. The origin and definition of brite versus white and classical brown adipocytes.
Adipocyte 2014;3:4-9.

PUBMED | CROSSREF

27. Bostrom P, Wu ], Jedrychowski MP, et al. A PGCl-a-dependent myokine that drives brown-fat-like
development of white fat and thermogenesis. Nature 2012;481:463-8.
PUBMED | CROSSREF

28. LiuD, Ceddia RP, Collins S. Cardiac natriuretic peptides promote adipose ‘browning’ through mTOR
complex-1. Mol Metab2018;9:192-8.

PUBMED | CROSSREF

29. Sacks HS, Fain JN. Human epicardial adipose tissue: a review. Am Heart ] 2007;153:907-17.
PUBMED | CROSSREF

30. Iacobellis G, Corradi D, Sharma AM. Epicardial adipose tissue: anatomic, biomolecular and clinical
relationships with the heart. Nat Clin Pract Cardiovasc Med 2005;2:536-43.
PUBMED | CROSSREF

31. Antonopoulos AS, Margaritis M, Verheule S, et al. Mutual regulation of epicardial adipose tissue and
myocardial redox state by PPAR-y/adiponectin signalling. Circ Res 2016;118:842-55.
PUBMED | CROSSREF

32. Antonopoulos AS, Antoniades C. The role of epicardial adipose tissue in cardiac biology: classic concepts
and emerging roles. | Physiol 2017;595:3907-17.
PUBMED | CROSSREF

33. Graeff DB, Foppa M, Pires JC, et al. Epicardial fat thickness: distribution and association with diabetes
mellitus, hypertension and the metabolic syndrome in the ELSA-Brasil study. Int ] Cardiovasc Imaging
2016;32:563-72.

PUBMED | CROSSREF

34. Tacobellis G. Epicardial fat thickness as a biomarker in cardiovascular disease. In: Patel VB, Preedy VR, editors.
Biomarkers in Cardiovascular Disease. Dordrecht: Springer; 2013. p.111.

35. Opincariu D, Mester A, Dobra M, Rat N, Hodas R, Morariu M. Prognostic value of epicardial fat thickness
as a biomarker of increased inflammatory. status in patients with type 2 diabetes mellitus and acute
myocardial infarction. ] Cardiovasc Emerg 2016;2:11-8.

CROSSREF
https://doi.org/10.4070/kcj.2019.0400 390

Handzlik MK, Constantin-Teodosiu D, Greenhaff PL, Cole MA. Increasing cardiac pyruvate
dehydrogenase flux during chronic hypoxia improves acute hypoxic tolerance. ] Physiol 2018;596:3357-69.
PUBMED | CROSSREF


http://www.ncbi.nlm.nih.gov/pubmed/29383727
https://doi.org/10.1113/JP275357
http://www.ncbi.nlm.nih.gov/pubmed/15242730
https://doi.org/10.1016/j.yjmcc.2004.05.001
http://www.ncbi.nlm.nih.gov/pubmed/17374880
https://doi.org/10.1194/jlr.R700005-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/10856893
https://doi.org/10.1677/joe.0.1660145
http://www.ncbi.nlm.nih.gov/pubmed/1320047
http://www.ncbi.nlm.nih.gov/pubmed/10974043
http://www.ncbi.nlm.nih.gov/pubmed/18719582
https://doi.org/10.1038/nature07182
http://www.ncbi.nlm.nih.gov/pubmed/12529412
https://doi.org/10.1128/MCB.23.3.1085-1094.2003
http://www.ncbi.nlm.nih.gov/pubmed/10362733
http://www.ncbi.nlm.nih.gov/pubmed/6698197
https://doi.org/10.1016/0014-5793(84)80822-4
http://www.ncbi.nlm.nih.gov/pubmed/24575363
https://doi.org/10.4161/adip.26232
http://www.ncbi.nlm.nih.gov/pubmed/22237023
https://doi.org/10.1038/nature10777
http://www.ncbi.nlm.nih.gov/pubmed/29396369
https://doi.org/10.1016/j.molmet.2017.12.017
http://www.ncbi.nlm.nih.gov/pubmed/17540190
https://doi.org/10.1016/j.ahj.2007.03.019
http://www.ncbi.nlm.nih.gov/pubmed/16186852
https://doi.org/10.1038/ncpcardio0319
http://www.ncbi.nlm.nih.gov/pubmed/26838789
https://doi.org/10.1161/CIRCRESAHA.115.307856
http://www.ncbi.nlm.nih.gov/pubmed/28191635
https://doi.org/10.1113/JP273049
http://www.ncbi.nlm.nih.gov/pubmed/26585750
https://doi.org/10.1007/s10554-015-0810-z
https://doi.org/10.1515/jce-2016-0003
https://e-kcj.org

C

Metabolic Crosstalk between the Heart and Fat Korean Circulation Journal

https://e-kcj.org

36.

Tacobellis G, Bianco AC. Epicardial adipose tissue: emerging physiological, pathophysiological and
clinical features. Trends Endocrinol Metab 2011;22:450-7.
PUBMED | CROSSREF

37. Minzberg H, Morrison CD. Structure, production and signaling of leptin. Metabolism 2015;64:13-23.
PUBMED | CROSSREF

38. Schonke M, Bjornholm M, Chibalin AV, Zierath JR, Deshmukh AS. Proteomics analysis of skeletal muscle
from leptin-deficient ob/ob mice reveals adaptive remodeling of metabolic characteristics and fiber type
composition. Proteomics 2018;18:¢1700375.
PUBMED | CROSSREF

39. Sainz N, Barrenetxe J, Moreno-Aliaga MJ, Martinez JA. Leptin resistance and diet-induced obesity: central
and peripheral actions of leptin. Metabolism 2015;64:35-46.
PUBMED | CROSSREF

40. Puurunen VP, Kiviniemi A, Lepojirvi S, et al. Leptin predicts short-term major adverse cardiac events in
patients with coronary artery disease. Ann Med 2017;49:448-54.
PUBMED | CROSSREF

41. Hall ME, Harmancey R, Stec DE. Lean heart: role of leptin in cardiac hypertrophy and metabolism. World ]
Cardiol 2015;7:511-24.
PUBMED | CROSSREF

42. Paolisso G, Tagliamonte MR, Galderisi M, et al. Plasma leptin level is associated with myocardial wall
thickness in hypertensive insulin-resistant men. Hypertension 1999;34:1047-52.
PUBMED | CROSSREF

43. DongF, Zhang X, Yang X, et al. Impaired cardiac contractile function in ventricular myocytes from leptin-
deficient ob/ob obese mice. ] Endocrinol 2006;188:25-36.
PUBMED | CROSSREF

44. Purdham DM, Zou MX, Rajapurohitam V, Karmazyn M. Rat heart is a site of leptin production and action.
Am ] Physiol Heart Circ Physiol 2004;287:H2877-84.
PUBMED | CROSSREF

45. Kadowaki T, Yamauchi T. Adiponectin and adiponectin receptors. Endocr Rev 2005;26:439-51.
PUBMED | CROSSREF

46. Shapiro L, Scherer PE. The crystal structure of a complement-1q family protein suggests an evolutionary
link to tumor necrosis factor. Curr Biol 1998;8:335-8.
PUBMED | CROSSREF

47. Diez]J], Iglesias P. The role of the novel adipocyte-derived hormone adiponectin in human disease. EurJ
Endocrinol 2003;148:293-300.
PUBMED | CROSSREF

48. AritaY, Kihara S, Ouchi N, et al. Paradoxical decrease of an adipose-specific protein, adiponectin, in
obesity. Biochem Biophys Res Commun 1999;257:79-83.
PUBMED | CROSSREF

49. Bauche IB, El Mkadem SA, Pottier AM, et al. Overexpression of adiponectin targeted to adipose tissue in
transgenic mice: impaired adipocyte differentiation. Endocrinology 2007;148:1539-49.
PUBMED | CROSSREF

50. Rutter MK, Parise H, Benjamin EJ, et al. Impact of glucose intolerance and insulin resistance on cardiac
structure and function: sex-related differences in the Framingham Heart Study. Circulation 2003;107:448-54.
PUBMED | CROSSREF

51. Schannwell CM, Schneppenheim M, Perings S, Plehn G, Strauer BE. Left ventricular diastolic dysfunction
as an early manifestation of diabetic cardiomyopathy. Cardiology 2002;98:33-9.
PUBMED | CROSSREF

52. Guo Z, Xia Z, Yuen VG, McNeill JH. Cardiac expression of adiponectin and its receptors in streptozotocin-
induced diabetic rats. Metabolism 2007;56:1363-71.
PUBMED | CROSSREF

53. ZhangL, Jaswal]JS, UssherJR, et al. Cardiac insulin-resistance and decreased mitochondrial energy
production precede the development of systolic heart failure after pressure-overload hypertrophy. Circ
Heart Fail 2013;6:1039-48.
PUBMED | CROSSREF

54. Jia G, Whaley-Connell A, Sowers JR. Diabetic cardiomyopathy: a hyperglycaemia- and insulin-resistance-
induced heart disease. Diabetologia 2018;61:21-8.
PUBMED | CROSSREF

55. Maeda N, Shimomura I, Kishida K, et al. Diet-induced insulin resistance in mice lacking adiponectin/
ACRP30. Nat Med 2002;8:731-7.
PUBMED | CROSSREF

https://doi.org/10.4070/kcj.2019.0400 391


http://www.ncbi.nlm.nih.gov/pubmed/21852149
https://doi.org/10.1016/j.tem.2011.07.003
http://www.ncbi.nlm.nih.gov/pubmed/25305050
https://doi.org/10.1016/j.metabol.2014.09.010
http://www.ncbi.nlm.nih.gov/pubmed/29350465
https://doi.org/10.1002/pmic.201700375
http://www.ncbi.nlm.nih.gov/pubmed/25497342
https://doi.org/10.1016/j.metabol.2014.10.015
http://www.ncbi.nlm.nih.gov/pubmed/28300429
https://doi.org/10.1080/07853890.2017.1301678
http://www.ncbi.nlm.nih.gov/pubmed/26413228
https://doi.org/10.4330/wjc.v7.i9.511
http://www.ncbi.nlm.nih.gov/pubmed/10567180
https://doi.org/10.1161/01.HYP.34.5.1047
http://www.ncbi.nlm.nih.gov/pubmed/16394172
https://doi.org/10.1677/joe.1.06241
http://www.ncbi.nlm.nih.gov/pubmed/15284063
https://doi.org/10.1152/ajpheart.00499.2004
http://www.ncbi.nlm.nih.gov/pubmed/15897298
https://doi.org/10.1210/er.2005-0005
http://www.ncbi.nlm.nih.gov/pubmed/9512423
https://doi.org/10.1016/S0960-9822(98)70133-2
http://www.ncbi.nlm.nih.gov/pubmed/12611609
https://doi.org/10.1530/eje.0.1480293
http://www.ncbi.nlm.nih.gov/pubmed/10092513
https://doi.org/10.1006/bbrc.1999.0255
http://www.ncbi.nlm.nih.gov/pubmed/17204560
https://doi.org/10.1210/en.2006-0838
http://www.ncbi.nlm.nih.gov/pubmed/12551870
https://doi.org/10.1161/01.CIR.0000045671.62860.98
http://www.ncbi.nlm.nih.gov/pubmed/12373045
https://doi.org/10.1159/000064682
http://www.ncbi.nlm.nih.gov/pubmed/17884446
https://doi.org/10.1016/j.metabol.2007.05.005
http://www.ncbi.nlm.nih.gov/pubmed/23861485
https://doi.org/10.1161/CIRCHEARTFAILURE.112.000228
http://www.ncbi.nlm.nih.gov/pubmed/28776083
https://doi.org/10.1007/s00125-017-4390-4
http://www.ncbi.nlm.nih.gov/pubmed/12068289
https://doi.org/10.1038/nm724
https://e-kcj.org

C

Metabolic Crosstalk between the Heart and Fat Korean Circulation Journal

https://e-kcj.org

56.

57.

58.

59.

60.

61.

62.

63.

64.

065.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Ohashi K, Parker JL, Ouchi N, et al. Adiponectin promotes macrophage polarization toward an anti-
inflammatory phenotype. J Biol Chem 2010;285:6153-60.

PUBMED | CROSSREF

Holland WL, Miller RA, Wang ZV, et al. Receptor-mediated activation of ceramidase activity initiates the
pleiotropic actions of adiponectin. Nat Med 2011;17:55-63.

PUBMED | CROSSREF

Fain JN, Sacks HS, Buehrer B, et al. Identification of omentin mRNA in human epicardial adipose
tissue: comparison to omentin in subcutaneous, internal mammary artery periadventitial and visceral
abdominal depots. Int ] Obes 2008;32:810-5.

PUBMED | CROSSREF

de Souza Batista CM, Yang RZ, Lee MJ, et al. Omentin plasma levels and gene expression are decreased in
obesity. Diabetes 2007;56:1655-61.

PUBMED | CROSSREF

Matsuo K, Shibata R, Ohashi K, et al. Omentin functions to attenuate cardiac hypertrophic response. J
Mol Cell Cardiol 2015;79:195-202.

PUBMED | CROSSREF

Kutlay O, Kaygisiz Z, Kaygisiz B. Effect of omentin on cardiovascular functions and gene expressions in
isolated rat hearts. Anatol | Cardiol 2019;21:91-7.

PUBMED

Kataoka Y, Shibata R, Ohashi K, et al. Omentin prevents myocardial ischemic injury through AMP-
activated protein kinase- and Akt-dependent mechanisms. ] Am Coll Cardiol 2014;63:2722-33.
PUBMED | CROSSREF

Yamawaki H, Tsubaki N, Mukohda M, Okada M, Hara Y. Omentin, a novel adipokine, induces vasodilation
in rat isolated blood vessels. Biochem Biophys Res Commun 2010;393:668-72.

PUBMED | CROSSREF

Kazama K, Okada M, Hara Y, Yamawaki H. A novel adipocytokine, omentin, inhibits agonists-induced
increases of blood pressure in rats. J Vet Med Sci 2013;75:1029-34.

PUBMED | CROSSREF

Herman MA, She P, Peroni OD, Lynch CJ, Kahn BB. Adipose tissue branched chain amino acid (BCAA)
metabolism modulates circulating BCAA levels. ] Biol Chem 2010;285:11348-56.
PUBMED | CROSSREF

Grajeda-Iglesias C, Aviram M. Specific amino acids affect cardiovascular diseases and atherogenesis
via protection against macrophage foam cell formation: review article. Rambam Maimonides Med |
2018;9:e0022.

PUBMED | CROSSREF

Sun H, Olson KC, Gao C, et al. Catabolic defect of branched-chain amino acids promotes heart failure.
Circulation 2016;133:2038-49.

PUBMED | CROSSREF

Ciccarelli M, Chuprun JK, Rengo G, et al. G protein-coupled receptor kinase 2 activity impairs cardiac
glucose uptake and promotes insulin resistance after myocardial ischemia. Circulation 2011;123:1953-62.
PUBMED | CROSSREF

Woodall BP, Gresham KS, Woodall MA, et al. Alteration of myocardial GRK2 produces a global metabolic
phenotype. JCI insight 2019;5:123848.

PUBMED | CROSSREF

Sato P, Chuprun JK, Grisanti L, et al. GRK2-S670A mice reveal cardioprotection post ischemia-
reperfusion. | Mol Cell Cardiol 2017;112:152-3.

CROSSREF

Chua B, Siehl DL, Morgan HE. Effect of leucine and metabolites of branched chain amino acids on
protein turnover in heart. ] Biol Chem 1979;254:8358-62.

PUBMED

Ruiz-Canela M, Toledo E, Clish CB, et al. Plasma branched-chain amino acids and incident cardiovascular
disease in the PREDIMED trial. Clin Chem 2016;62:582-92.

PUBMED | CROSSREF

Li T, Zhang Z, Kolwicz SCJr, et al. Defective branched-chain amino acid catabolism disrupts glucose
metabolism and sensitizes the heart to ischemia-reperfusion injury. Cell Metab 2017;25:374-85.

PUBMED | CROSSREF

Green CR, Wallace M, Divakaruni AS, et al. Branched-chain amino acid catabolism fuels adipocyte
differentiation and lipogenesis. Nat Chem Biol 2016;12:15-21.

PUBMED | CROSSREF

https://doi.org/10.4070/kcj.2019.0400 392


http://www.ncbi.nlm.nih.gov/pubmed/20028977
https://doi.org/10.1074/jbc.M109.088708
http://www.ncbi.nlm.nih.gov/pubmed/21186369
https://doi.org/10.1038/nm.2277
http://www.ncbi.nlm.nih.gov/pubmed/18180782
https://doi.org/10.1038/sj.ijo.0803790
http://www.ncbi.nlm.nih.gov/pubmed/17329619
https://doi.org/10.2337/db06-1506
http://www.ncbi.nlm.nih.gov/pubmed/25479337
https://doi.org/10.1016/j.yjmcc.2014.11.019
http://www.ncbi.nlm.nih.gov/pubmed/30694801
http://www.ncbi.nlm.nih.gov/pubmed/24768874
https://doi.org/10.1016/j.jacc.2014.03.032
http://www.ncbi.nlm.nih.gov/pubmed/20170632
https://doi.org/10.1016/j.bbrc.2010.02.053
http://www.ncbi.nlm.nih.gov/pubmed/23546685
https://doi.org/10.1292/jvms.12-0537
http://www.ncbi.nlm.nih.gov/pubmed/20093359
https://doi.org/10.1074/jbc.M109.075184
http://www.ncbi.nlm.nih.gov/pubmed/29944113
https://doi.org/10.5041/RMMJ.10337
http://www.ncbi.nlm.nih.gov/pubmed/27059949
https://doi.org/10.1161/CIRCULATIONAHA.115.020226
http://www.ncbi.nlm.nih.gov/pubmed/21518983
https://doi.org/10.1161/CIRCULATIONAHA.110.988642
http://www.ncbi.nlm.nih.gov/pubmed/30946029
https://doi.org/10.1172/jci.insight.123848
https://doi.org/10.1016/j.yjmcc.2017.07.067
http://www.ncbi.nlm.nih.gov/pubmed/468830
http://www.ncbi.nlm.nih.gov/pubmed/26888892
https://doi.org/10.1373/clinchem.2015.251710
http://www.ncbi.nlm.nih.gov/pubmed/28178567
https://doi.org/10.1016/j.cmet.2016.11.005
http://www.ncbi.nlm.nih.gov/pubmed/26571352
https://doi.org/10.1038/nchembio.1961
https://e-kcj.org

C

Metabolic Crosstalk between the Heart and Fat Korean Circulation Journal

https://e-kcj.org

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Halama A, Horsch M, Kastenmiiller G, et al. Metabolic switch during adipogenesis: From branched chain
amino acid catabolism to lipid synthesis. Arch Biochem Biophys 2016;589:93-107.

PUBMED | CROSSREF

Neinast MD, Jang C, Hui S, et al. Quantitative analysis of the whole-body metabolic fate of branched-
chain amino acids. Cell Metab 2019;29:417-429.¢4.

PUBMED | CROSSREF

Jamieson JD, Palade GE. Specific granules in atrial muscle cells. J Cell Biol 1964;23:151-72.

PUBMED | CROSSREF

Baines AD, DeBold AJ, Sonnenberg H. Natriuretic effect of atrial extract on isolated perfused rat kidney.
Can ] Physiol Pharmacol1983;61:1462-6.

PUBMED | CROSSREF

Saito Y, Nakao K, Itoh H, et al. Brain natriuretic peptide is a novel cardiac hormone. Biochem Biophys Res
Commun 1989;158:360-8.

PUBMED | CROSSREF

Hosoda K, Nakao K, Mukoyama M. Expression of brain natriuretic peptide gene in human heart.
Production in the ventricle. Hypertension 1991;17:1152-5.

PUBMED | CROSSREF

Dewey CM, Spitler KM, Ponce JM, Hall DD, Grueter CE. Cardiac-secreted factors as peripheral metabolic
regulators and potential disease biomarkers. ] Am Heart Assoc 2016;5:e003101.

PUBMED | CROSSREF

Wang TJ, Larson MG, Levy D, et al. Impact of obesity on plasma natriuretic peptide levels. Circulation
2004;109:594-600.

PUBMED | CROSSREF

Plante E, Menaouar A, Danalache BA, Broderick TL, Jankowski M, Gutkowska J. Treatment with brain
natriuretic peptide prevents the development of cardiac dysfunction in obese diabetic db/db mice.
Diabetologia 2014;57:1257-67.

PUBMED | CROSSREF

Cabiati M, Raucci S, Liistro T, et al. Impact of obesity on the expression profile of natriuretic peptide
system in a rat experimental model. PLoS One 2013;8:€72959.

PUBMED | CROSSREF

Potter LR, Abbey-Hosch S, Dickey DM. Natriuretic peptides, their receptors, and cyclic guanosine
monophosphate-dependent signaling functions. Endocr Rev 2006;27:47-72.

PUBMED | CROSSREF

Sarzani R, Dessi-Fulgheri P, Paci VM, Espinosa E, Rappelli A. Expression of natriuretic peptide receptors
in human adipose and other tissues. J Endocrinol Invest 1996;19:581-5.

PUBMED | CROSSREF

Sengenes C, Berlan M, De Glisezinski I, Lafontan M, Galitzky J. Natriuretic peptides: a new lipolytic
pathway in human adipocytes. FASEB ] 2000;14:1345-51.

PUBMED | CROSSREF

Hammond SM. An overview of microRNAs. Adv Drug Deliv Rev 2015;87:3-14.

PUBMED | CROSSREF

Zhao 'Y, Samal E, Srivastava D. Serum response factor regulates a muscle-specific microRNA that targets
Hand2 during cardiogenesis. Nature 2005;436:214-20.

PUBMED | CROSSREF

Ferndndez-Hernando C, Suérez Y, Rayner KJ, Moore KJ. MicroRNAs in lipid metabolism. Curr Opin Lipidol
2011;22:86-92.

PUBMED | CROSSREF

Kim SY, Kim AY, Lee HW, et al. miR-27a is a negative regulator of adipocyte differentiation via
suppressing PPARgamma expression. Biochem Biophys Res Commun 2010;392:323-8.

PUBMED | CROSSREF

Xie H, Lim B, Lodish HF. MicroRNAs induced during adipogenesis that accelerate fat cell development
are downregulated in obesity. Diabetes 2009;58:1050-7.

PUBMED | CROSSREF

AhnJ, Lee H, Jung CH, Jeon TI, Ha TY. MicroRNA-146b promotes adipogenesis by suppressing the SIRTI-
FOXO1 cascade. EMBO Mol Med 2013;5:1602-12.

PUBMED | CROSSREF

Kong L, Zhu J, Han W, et al. Significance of serum microRNAs in pre-diabetes and newly diagnosed type 2
diabetes: a clinical study. Acta Diabetol 2011;48:61-9.

PUBMED | CROSSREF

https://doi.org/10.4070/kcj.2019.0400 393


http://www.ncbi.nlm.nih.gov/pubmed/26408941
https://doi.org/10.1016/j.abb.2015.09.013
http://www.ncbi.nlm.nih.gov/pubmed/30449684
https://doi.org/10.1016/j.cmet.2018.10.013
http://www.ncbi.nlm.nih.gov/pubmed/14228508
https://doi.org/10.1083/jcb.23.1.151
http://www.ncbi.nlm.nih.gov/pubmed/6671158
https://doi.org/10.1139/y83-208
http://www.ncbi.nlm.nih.gov/pubmed/2521788
https://doi.org/10.1016/S0006-291X(89)80056-7
http://www.ncbi.nlm.nih.gov/pubmed/2045161
https://doi.org/10.1161/01.hyp.17.6.1152
http://www.ncbi.nlm.nih.gov/pubmed/27247337
https://doi.org/10.1161/JAHA.115.003101
http://www.ncbi.nlm.nih.gov/pubmed/14769680
https://doi.org/10.1161/01.CIR.0000112582.16683.EA
http://www.ncbi.nlm.nih.gov/pubmed/24595856
https://doi.org/10.1007/s00125-014-3201-4
http://www.ncbi.nlm.nih.gov/pubmed/24009719
https://doi.org/10.1371/journal.pone.0072959
http://www.ncbi.nlm.nih.gov/pubmed/16291870
https://doi.org/10.1210/er.2005-0014
http://www.ncbi.nlm.nih.gov/pubmed/8957740
https://doi.org/10.1007/BF03349021
http://www.ncbi.nlm.nih.gov/pubmed/10877827
https://doi.org/10.1096/fasebj.14.10.1345
http://www.ncbi.nlm.nih.gov/pubmed/25979468
https://doi.org/10.1016/j.addr.2015.05.001
http://www.ncbi.nlm.nih.gov/pubmed/15951802
https://doi.org/10.1038/nature03817
http://www.ncbi.nlm.nih.gov/pubmed/21178770
https://doi.org/10.1097/MOL.0b013e3283428d9d
http://www.ncbi.nlm.nih.gov/pubmed/20060380
https://doi.org/10.1016/j.bbrc.2010.01.012
http://www.ncbi.nlm.nih.gov/pubmed/19188425
https://doi.org/10.2337/db08-1299
http://www.ncbi.nlm.nih.gov/pubmed/24009212
https://doi.org/10.1002/emmm.201302647
http://www.ncbi.nlm.nih.gov/pubmed/20857148
https://doi.org/10.1007/s00592-010-0226-0
https://e-kcj.org

C

Metabolic Crosstalk between the Heart and Fat Korean Circulation Journal

https://e-kcj.org

95.

96.

97.

98.

99.

Thomou T, Mori MA, Dreyfuss JM, et al. Adipose-derived circulating miRNAs regulate gene expression in
other tissues. Nature 2017;542:450-5.

PUBMED | CROSSREF

Tacomino G, Russo P, Stillitano I, et al. Circulating microRNAs are deregulated in overweight/obese
children: preliminary results of the I.Family study. Genes Nutr2016;11:7.

PUBMED | CROSSREF

Bostjan¢i¢ E, Zidar N, Stajer D, Glava¢ D. MicroRNAs miR-1, miR-133a, miR-133b and miR-208 are
dysregulated in human myocardial infarction. Cardiology 2010;115:163-9.

PUBMED | CROSSREF

van Rooij E, Sutherland LB, Liu N, et al. A signature pattern of stress-responsive microRNAs that can
evoke cardiac hypertrophy and heart failure. Proc Natl Acad Sci U S A 2006;103:18255-60.

PUBMED | CROSSREF

van Rooij E, Olson EN. MicroRNAs: powerful new regulators of heart disease and provocative therapeutic
targets. J Clin Invest 2007;117:2369-76.

PUBMED | CROSSREF

100. Callis TE, Pandya K, Seok HY, et al. MicroRNA-208a is a regulator of cardiac hypertrophy and conduction
in mice. J Clin Invest 2009;119:2772-86.
PUBMED | CROSSREF

101. Grueter CE, van Rooij E, Johnson BA, et al. A cardiac microRNA governs systemic energy homeostasis by
regulation of MED13. Cell 2012;149:671-83.
PUBMED | CROSSREF

102. Pospisilik JA, Schramek D, Schnidar H, et al. Drosophila genome-wide obesity screen reveals hedgehog as
a determinant of brown versus white adipose cell fate. Cel/ 2010;140:148-60.
PUBMED | CROSSREF

103. Baskin KK, Grueter CE, Kusminski CM, et al. MED13-dependent signaling from the heart confers
leanness by enhancing metabolism in adipose tissue and liver. EMBO Mol Med 2014;6:1610-21.
PUBMED | CROSSREF

https://doi.org/10.4070/kcj.2019.0400 394


http://www.ncbi.nlm.nih.gov/pubmed/28199304
https://doi.org/10.1038/nature21365
http://www.ncbi.nlm.nih.gov/pubmed/27551310
https://doi.org/10.1186/s12263-016-0525-3
http://www.ncbi.nlm.nih.gov/pubmed/20029200
https://doi.org/10.1159/000268088
http://www.ncbi.nlm.nih.gov/pubmed/17108080
https://doi.org/10.1073/pnas.0608791103
http://www.ncbi.nlm.nih.gov/pubmed/17786230
https://doi.org/10.1172/JCI33099
http://www.ncbi.nlm.nih.gov/pubmed/19726871
https://doi.org/10.1172/JCI36154
http://www.ncbi.nlm.nih.gov/pubmed/22541436
https://doi.org/10.1016/j.cell.2012.03.029
http://www.ncbi.nlm.nih.gov/pubmed/20074523
https://doi.org/10.1016/j.cell.2009.12.027
http://www.ncbi.nlm.nih.gov/pubmed/25422356
https://doi.org/10.15252/emmm.201404218
https://e-kcj.org

	Metabolic Crosstalk between the Heart and Fat
	INTRODUCTION
	MYOCARDIAL ENERGY DEMANDS AND SUBSTRATE UTILIZATION
	ADIPOSE TISSUE AND ENDOCRINE SIGNALS TO THE HEART
	EPICARDIAL ADIPOSE TISSUE AND LOCALIZED HEART-FAT CROSSTALK
	ADIPOKINES AND CARDIOKINES: KEY MESSENGERS BETWEEN THE HEART AND FAT
	Adiponectin
	Omentin
	Branched-chain amino acids
	Atrial natriuretic peptide and brain natriuretic peptide
	MicroRNAs

	CONCLUSION
	REFERENCES


