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Abstract: Cardiac remodeling is the process by which the heart adapts to stressful stimuli,
such as hypertension and ischemia/reperfusion; it ultimately leads to heart failure upon long-
term exposure. Autophagy, a cellular catabolic process that was originally considered as
a mechanism of cell death in response to detrimental stimuli, is thought to be one of the main
mechanisms that controls cardiac remodeling and induces heart failure. Dysregulation of the
adipokines leptin and adiponectin, which plays essential roles in lipid and glucose metabo-
lism, and in the pathophysiology of the neuroendocrine and cardiovascular systems, has been
shown to affect the autophagic response in the heart and to contribute to accelerate cardiac
remodeling. The obesity-associated protein leptin is a pro-inflammatory, tumor-promoting
adipocytokine whose elevated levels in obesity are associated with acute cardiovascular
events, and obesity-related hypertension. Adiponectin exerts anti-inflammatory and anti-
tumor effects, and its reduced levels in obesity correlate with the pathogenesis of obesity-
associated cardiovascular diseases. Leptin- and adiponectin-induced changes in autophagic
flux have been linked to cardiac remodeling and heart failure. In this review, we describe the
different molecular mechanisms of hyperleptinemia- and hypoadiponectinemia-mediated
pathogenesis of cardiac remodeling and the involvement of autophagy in this process.
A Dbetter understanding of the roles of leptin, adiponectin, and autophagy in cardiac functions
and remodeling, and the exact signal transduction pathways by which they contribute to
cardiac diseases may well lead to discovery of new therapeutic agents for the treatment of
cardiovascular remodeling.
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Introduction

The World Health Organization (WHO) classifies cardiovascular diseases as the
leading cause of death worldwide, with an estimated 17.9 million annual deaths
attributed to this class of diseases.' Risk factors of cardiac remodeling, hypertrophy,
and heart failure are various; however, hypertension is a crucial player in the
pathogenesis of these conditions.> Hypertension induces increased mechanical
stretch of the vascular smooth muscle cells.® The ability of the cardiac muscle to
sense and respond to mechanical stretch occurs through a process known as
mechanotransduction, which is the conversion of mechanical triggers into biochem-
ical incidents.* This, in turn, causes a change in myocardial function and structure
as a compensatory mechanism during adaptation to the trigger.” In the case of
prolonged stimuli, signal transduction occurs and the whole process becomes
maladaptive, causing a change in the physiology of the heart, and subsequently
leading to development of cardiac remodeling/hypertrophy.>

Received: 28 May 2021
Accepted: 24 August 2021
Published: 16 October 2021

Journal of Inflammation Research 2021:14 5349-5365 5349
© 2021 Kamareddine et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/
BY N

terms.php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creativecommons.org/licenses/by-nc/3.0/). By accessing
the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed.
For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-9079-1325
http://orcid.org/0000-0001-8730-9470
http://orcid.org/0000-0002-5745-9643
http://orcid.org/0000-0002-8363-1582
mailto:a.zeidan@qu.edu.qa
http://www.dovepress.com/permissions.php
https://www.dovepress.com

Kamareddine et al

Dove

Leptin and adiponectin are physiologically essential for
glucose and lipid metabolism, as well as neuroendocrine
and cardiovascular functions. However, at dysregulated
levels, they are considered major contributors to the patho-
genesis of heart failure.” The biological characteristics of
the aforementioned adipokines are contradictory.
Explicitly, adiponectin triggers potent anti-inflammatory
and anti-tumor responses as opposed to the pro-inflamma-
tory and tumor-promoting features of leptin.® Although the
effects of adiponectin and leptin on cardiac remodeling are
multifactorial in nature, recent studies have reported that
they take place through the induction of autophagy.®
Autophagy, a cellular catabolic process, was originally
considered a mechanism of cell death in response to detri-
mental stimuli.” However, recent studies have reported
a vital role of autophagy in controlling the cardiac hyper-
trophic response and the pathogenesis of heart failure.”'°
In this review, we summarize the different mechanisms
involved in the development and progression of cardiac
dysfunctions, highlight the roles of adiponectin, leptin, and
autophagy in the pathogenesis of cardiac diseases, and
illustrate the interplay between all of the abovementioned

pathways.

Cardiac Remodeling

The molecular mechanisms underlying cardiovascular
remodeling produce significant changes in the function of
the cardiovascular system, leading to cardiovascular dys-
function. Such alterations include cardiac contractility dys-
function, hypertrophy, fibrosis, and inhibition of the
autophagic process.

Cardiac remodeling can be described as a physiologic
and pathologic condition that affects cardiac function and
structure. It occurs in response to several factors, such as
inflammation and vascular and cardiomyocyte hypertro-
phy, and is a complex process that involves cardiomyocyte
growth and death, fibrosis and electrophysiological
changes.'" It includes cellular and interstitial modifications
of the heart, clinically established by changes in cardiac
function and structure/size/wall thickness. Cardiac remo-
deling occurs due to biomechanical stresses and patholo-
gical stimuli.'? Scarred tissue, fibrosis, and inflammatory
infiltrate are also detectable in a remodeling heart.

Heart failure is the major complication of cardiac
remodeling. It starts at cellular-level changes that occur
due to a remodeling-inducing stimulus, leading to cellular
and molecular alterations; these changes, in turn, contri-
bute to progressive ventricular dysfunction, which is

originally asymptomatic but with time, induces heart
failure.'> Cardiac dysfunction and failure occur in
response to excessive sympathetic nervous system and
angiotensin system stimulations, which activate signal
transduction pathways that increase the production of car-
diac hypertrophic proteins in cardiomyocytes."*

Cardiac remodeling is also associated with a major
increase in the production of reactive oxygen species
(ROS). ROS can lead to several factors that induce cardiac
remodeling; these include DNA damage, protein oxida-
tion, activation of matrix metalloproteinases, lipid perox-
idation, cellular dysfunction, and enhancement of
cardiomyocyte apoptosis.'

Autophagy (which we discuss in detail below) is
a natural catabolic mechanism in which lysosomes
degrade any damaged or unnecessary components in the
cell. This process can result in the accumulation of defec-
tive proteins, leading to proteotoxicity.'® Research has
shown that autophagy is another process that leads to
cardiac remodeling."”

In addition, microRNA-22 (miR-22) has emerged as an
important regulator of cardiovascular remodeling. MiR-22
has been reported as a crucial modulator of the expression
of genes involved in cardiac hypertrophy, actin cytoskele-
ton reorganization, and metabolic pathways leading to
cardiovascular remodeling.”

During cardiac remodeling, changes occur in the cal-
cium transport system; these include a decrease in L-type
calcium channels, calsequestrin and calmodulin kinase
activity, and phospholamban phosphorylation, leading to
reduced calcium supply during cardiac contraction and
increased supply during diastole. Consequently, the mod-
ifications in the calcium transit proteins may contribute to
cardiac dysfunction.'®

Moreover, collagen content plays an important role in
maintaining cardiac architecture and function. During car-
diac remodeling, an imbalance may occur between the
synthesis and degradation of collagen, resulting in
increased myocardial stiffness and decreased coronary

18,1
flow.'819

Hypertension, Cardiac Hypertrophy, and

Heart Failure

Cardiac hypertrophy is a way by which the heart adapts to
hypertension. This response alters the myocardial structure
in a way that vastly contributes to cardiovascular mortal-
ity, unexpected death, heart failure, and stroke.?° Initially,
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hypertrophy is beneficial because it induces the production
of a stronger contractile force and retrieves the normal
wall stress caused by the increased systolic pressure in
the heart. However, upon long-term stimulation, hypertro-
phy not only increases myocytes’ size, but also causes
undesirable reprogramming in gene expression, which ulti-
mately leads to heart failure.”'

Although cardiac hypertrophy can be induced by many
stimulants, including neuronal and hormonal factors,
hypertension (mechanical stretch) is considered to be the
most common cause of this state.”? Eventually, long-term
hypertension leads to heart failure, and in most cases,
with  heart
hypertension.?! Before converting the increased mechan-

patients failure have a history of
ical stretch in response to prolonged hypertension into
a biological signal, the cardiomyocyte senses this stretch
first. Three sensing systems exist in the cardiac cells: Focal
adhesion components, specialized proteins found on the
plasma membrane, and sensing proteins found in the car-
diac Z line.® In turn, intracellular signal transduction gets
activated, resulting in cardiac hypertrophy.

Many studies have investigated the potential e-link
between chronic stretch (hypertension), hypertrophy, and
heart failure at the molecular level. Herein, we review the
possible pathways accounting for cardiac hypertrophy and
the role of two adipokines, leptin and adiponectin, in these
mechanisms. Myocardial infarction, the irreversible death
of the cardiac muscle, is an important factor that enhances
the transition from hypertension to heart failure.”*** In
animal models, the cellular pathogenesis through which
myocardial infarction leads to heart failure is well studied.
The process is characterized by early ischemia, cardio-
myocyte remodeling, and edema development. Together,
these would initiate progressive cell death within three
hours of myocardial infarction.**** Oxidative stress and
calcium overload also cause reversible acute contractile

dysfunction.

Adipokines and Inflammation

Obesity induces a state of dysfunction in adipose tissue,
leading to upregulated secretion of pro-inflammatory adi-
pokines and downregulated production of anti-inflamma-
tory adipokines. The collective effect of obesity-induced
adipose tissue dysfunction is the pathogenesis of several
diseases, including hypertension and cardiovascular
disease.” Adipokines are secreted by adipocytes and are
of various

important proteins metabolic processes.

Adipocytes secrete bioactive substances related to

inflammation (Figure 1), including tumor necrosis factor-
o (TNF-a), interleukin (IL)-6, hapto-globin, nerve growth
factor, and macrophage migration factor. Moreover,
C-reactive protein (CRP) has been shown to be synthe-
sized by adipose tissue, and its mRNA expression was
found to be upregulated in the adipose tissue of adiponec-
tin knockout mice.”® The increased expression of these
inflammation-associated adipocytokines has been impli-
cated in the pathogenesis of cardiovascular disease.”’
Specifically, these adipocytokines play an important role
in the extensive crosstalk between adipose tissue, other
organs, and various metabolic systems.

Adipokines play an important role in regulating vascu-
lar tone. For instance, the adipokines adiponectin, visfatin,
omentin, and the unidentified adipocyte-derived relaxing
factor (ADRF) exert vasorelaxing effects on the vascular
wall.?® On the other hand, resistin and angiotensin II,
which are also released by adipocytes, exert vasoconstrict-
ing effects.”® In addition, adipose tissue-secreted leptin,
ROS, apelin, tumour necrosis factor o, and interleukin-6
share both vasoconstricting and vasorelaxing properties.?
A dysregulation in the release of pro-inflammatory and
vasoactive adipokines is a key factor leading to the patho-
physiological vascular reactivity observed in obesity and
obesity-related disorders.

Leptin as a Pro-Inflammatory Cytokine
Leptin is the first adipokine (obesity-associated protein)
identified in 1994.°%*! It is a 16 kDa protein that helps
regulate energy balance by controlling food intake via its
actions on the hypothalamus. Even though the leptin gene
is highly expressed in adipose tissues, it can also be
expressed at other sites like mammary epithelial cells,
bone marrow, and vascular smooth muscle cells.>**® In
a healthy state, leptin controls blood pressure by regulating
sympathetic activity-dependent vasoconstriction and the
endothelial release of nitric oxide (NO), as well as angio-
tensin II (Ang II)-dependent vasoconstriction.>*

The physiological activity of leptin strongly depends
on its binding to its Ob-R receptors (Figure 2). These
receptors are expressed in six isoforms, and according to
their structural differences, they are classified into three
classes: Long, short, and secretory. The extracellular
domain is common for all isoforms, but the intracellular
domain is variable. Ob-Ra, Ob-Rc, Ob-Rd, and Ob-Rf are
short isoforms. Ob-Re is soluble and can bind to circulat-
ing leptin, thus regulating the free leptin concentration.
Ob-Rb is the long isoform with the longest intracellular
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Figure | The inflammatory and anti-inflammatory effects of the different adipocytokines produced by white adipose tissue.

signaling domain and is the most prevalent isoform in the
hypothalamus.® It is involved in energy homeostasis and
regulates the activity of the secretory organs.

Even though leptin is not a classical cytokine, several
immune cells, including polymorphonuclear leukocytes,
lymphocytes, monocytes, and macrophages, have recep-
tors for leptin and can be modulated by it.*® Leptin shows
structural similarity to the cytokines of the long-chain
helical family, which includes IL-6, IL-11, IL-12, and
oncostatin M (OSM);*’ in addition, most of leptin’s pro-
inflammatory actions seem to be mediated by the Ob-Rb
receptor, which has structural homology with the members
of the class I cytokine receptor (gp130) superfamily, which
includes receptors for IL-6, granulocyte colony-stimulat-
ing factor (G-CSF), and leukocyte inhibitory factor
(LIF).3¢

When leptin binds to the Ob-Rb receptor on monocytes
and macrophages, it improves phagocytosis by regulating
oxidative stress.*® It also increases the synthesis of NO
and eicosanoids, acts as a chemoattractant, increases the
release of cytokines like TNF-a, IL-1, IL-1RA, IL-6, and
CC-chemokine ligand, and prevents apoptosis.*® In studies
that used ob/ob mice and db/db animal models, mice
lacking leptin or with leptin resistance demonstrated

numerous pathologies of the immune system.****

Leptin and the Immune Response

Obesity causes low-grade chronic inflammation due to
modifications in both the innate and adaptive immune
systems.*! Due to the excessive activation of pro-inflam-
matory signal transduction pathways in their adipose tis-
sue, overweight and obese individuals generally have

https:
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Figure 2 Interactions between leptin and the immune system. Leptin upregulates the formation of different inflammatory proteins through activating both innate and

adaptive immunity.

higher levels of the pro-inflammatory cytokines C-reactive
protein, IL-6, and TNF-a. In turn, inflammatory stimuli,
including IL-1B, IL-6, lipopolysaccharide, and TNF-a,
induce the production of leptin, whose plasma levels
have been shown to be markedly increased during inflam-
mation, acute infection, and sepsis.**** The leptin receptor
has been found in both innate and adaptive immunity cells,
including macrophages, neutrophils, natural killer (NK)
cells, dendritic cells, and lymphocytes.*® In turn, leptin
modulates the immune response and inflammation in sev-
eral ways.

In the innate immune system, leptin exerts various
actions. It stimulates monocytes to release pro-inflamma-
tory cytokines, such as IL-6, IL-12, and TNF-a, and upre-
gulates the expression of cell surface markers involved in
the activation of resting monocytes.*® Leptin also pro-
motes the proliferation and differentiation of monocytes
into macrophages but exerts an anti-apoptotic effect in
macrophages by stimulating phagocytosis.** Notably, neu-
trophil activation in response to leptin requires TNF-a
release from monocytes.*

In the adaptive immune system, leptin induces the
differentiation of CD4" cells into IL-17-secreting Th17
cells, while inhibiting the formation of CD4 'CD25" Treg

cells and stress-induced T cell apoptosis.** Studies have
also shown that fa/fa rats, ob/ob mice, and humans with
congenital leptin deficiency or leptin receptor mutations
have higher infection susceptibility, which is associated
with low total lymphocyte and circulating CD4" T cell
levels, thymocyte apoptosis, and a shift towards a Th2
immune response. Administering recombinant leptin to
humans with leptin deficiency as well as 0b/ob mice sig-
nificantly increases thymic cellularity and upregulated
cytokine secretion by immune cells.*® In B cells, leptin
exerts pro-inflammatory actions by inducing the secretion
of IL-6, IL-10, and TNF-o.*’

Leptin and Cardiovascular Diseases

In humans, hyperleptinemia is associated with acute car-
diovascular events and obesity-related hypertension.**
Cardiac hypertrophy occurs in response to a change in
load. In conditions like hypertension, the parallel addition
of sarcomeres increases the myocyte width, which in turn
increases the wall thickness. Hyperleptinemia is observed
in patients with left ventricular hypertrophy (LVH), where
the myocardium of the left ventricle enlarges. Several
factors like hypertension, age, and obesity contribute to
LVH. Although its exact role in cardiac hypertrophy is not

entirely clear, leptin is believed to maintain the left
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ventricular wall thickness and cellular structure of
myocyte.** In the leptin-deficient ob/ob mouse model,
leptin repletion has been shown to reverse LVH back to
normal, a process that is mediated through the activation
of janus kinase (JAK)-dependent signaling.*® Hence, lep-
tin or its components in downstream signaling exert an
anti-hypertrophic effect on the heart independent of weight
loss.

In contrast, in obese people whose leptin levels are sig-
nificantly increased, this hormone has been shown to be a key
factor in the pathogenesis of LVH.* In vitro studies done by
exposing neonatal rat ventricular myocytes to
a concentration of leptin that represents average leptin levels
in obese people showed an increase in cell surface area by
42%." Inhibitors of ERK1/2 and p38 have been shown to
reduce leptin-induced cardiomyocyte hypertrophy.”’

In addition, leptin decreases the contractility of cardi-
omyocytes, possibly by increasing NO production.**>* For
instance, acute infusion of leptin in isolated rat ventricular
myocytes increases the activity of NO and decreases car-
diac contractility. With leptin, NO production was
increased and intracellular calcium transients were
reduced.”® The spatial containment of different NO iso-
forms within separate subcellular compartments of the
cardiac myocyte allows NO signals to have independent
effects on cardiac phenotype and contractile response.>®

To better understand myocardial dysfunction in obesity,
the B-adrenergic response to leptin in cardiomyocytes pro-
vides significant insight. Cardiomyocyte contractility is
directly depressed by leptin-induced NO increase, an impor-
tant aspect to consider in obesity. Leptin resistance, an impor-
tant characteristic of obesity, attenuates the [-adrenergic
response.”’ In the H9¢2 cardiac cell line, 30-minute leptin
therapy showed a greater basal and catecholamine-stimulated
adenylate cyclase activity, but a reduced adenylate cyclase
activity was seen after the 18-hour treatment.”® Therefore,
leptin deficiency attenuates the B-adrenergic response, while
moderate stimulation of leptin can improve the contractile
response.

Moreover, leptin has been shown to shift myocardial
metabolism towards fatty acid utilization.’® ATP, which
sustains the contractile function of the heart, is mainly
produced by the oxidation of fatty acids. In isolated work-
ing rat hearts, leptin introduction increased fatty acid oxi-
dation and triacylglycerol lipolysis®® and myocardial
oxygen consumption was increased due to an increase in

mitochondrial uncoupling protein activity.®® Increased

absorption of fatty acids along with reduced oxidation
leads to lipotoxicity of cardiomyocytes treated with leptin.

Several actions are exerted by leptin on the vascular
system. These include vascular remodeling, hypertrophy,
and angiogenesis.®' Leptin aids migration, proliferation,
and hypertrophy of vascular smooth muscle cells.
Increased platelet aggregation can be induced by leptin
as well.®! Moreover, in studies where mechanical stretch
was used to mimic hypertension in the rat portal vein,
leptin production and secretion were increased, suggesting
that leptin expression is upregulated in the vasculature in

hypertension.**>%

Molecular Signaling Pathways for Cardiac
Hypertrophy

Leptin-Dependent Pathways

Leptin induces cardiac hypertrophy through several path-
ways. In the next sections, we provide a brief description
of the JAK/STAT, MAPK, and Rho pathways that are
activated by leptin, which in turn, promote cardiac remo-
deling and hypertrophy.

Leptin binding to its receptor leads to the dimerization of
the receptor and autophosphorylation and subsequent activa-
tion of the Janus kinase-2 (JAK2).%® Activated JAK2, in turn,
phosphorylates Tyr 985, Tyr 1077, and Tyr 1138 residues on
OB-Rb. Activated Tyr 1138 and Tyr 1077 recruit and activate
signal transducers and activators of transcription 3 and 5
(STAT3 and STATS) transcriptional factors, respectively,
allowing their detachment from the complex and transloca-
tion to the nucleus.®* This, in turn, promotes the transcription
of the genes responsible for the production of leptin anorexi-
genic peptide, an appetite depressing peptide.®® Furthermore,
JAK2 activation leads to the phosphorylation of the src
homology 2 (SH2) domain of SHP-2, which can activate
the MAPK ERKI1/2 signaling pathway.°® Leptin is also
involved in phosphatidylinositol 3 kinase (PI3K) signaling
through activation of insulin receptor substrate (IRS).%’

Regulation of the leptin pathway involves protein tyr-
osine phosphatase 1B (PTP1B), which can dephosphory-
late JAK2 and thereby inhibit leptin signaling.®® Another
negative regulator of this pathway is mediated by STAT3,
which induces expression of the suppressors of the cyto-
kine signaling (SOCS3) family members that exert nega-
tive feedback on leptin signaling via binding to Tyr 985
and specific sites on the Ob-Rb/JAK complex.®’

The MAPK pathway is mediated by ERK and p38
family members. This pathway is activated by Ob-Ra
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and Ob-Rb. ERK can be activated either by phosphoryla-
tion of Tyr 985 and activation of SHP-2 or independently
of tyrosine phosphorylation, where JAK2 couples with the
SH2 domain of SHP-2.' Leptin treatment has been
reported to induce phosphorylation of STAT3 and ERK1/
2 in leptin-deficient 0b/ob mice but not in Ob-Rb-deficient
db/db mice,”® suggesting that Ob-Rb is the main signaling
receptor or that the activation of ERK1/2 by JAK2 does
not significantly occur in cardiac tissues.”” p38 MAPK can
also be phosphorylated in response to leptin.®* The alpha
and beta isoforms of p38 are abundant in the heart. Leptin
has been shown to induce hypertrophy in vascular smooth
muscle cells and cardiomyocytes through the p38 MAPK
pathway.”’

Studies have shown that the Rho pathway plays an
important role in mediating the hypertrophic effect of
leptin via a MAPK-dependent mechanism and regulation
of actin dynamics.”> Inhibiting ROCK and Rho have
blocked the activity of ERK1/2 and p38 after leptin treat-
ment in cultured neonatal rat ventricular myocytes, indi-
cating that Rho/ROCK contributes to the phosphorylation
of ERK1/2 and p38.”* The same effect on ERK1/2 and p38
activation was observed after disrupting the actin
cytoskeleton.”* Collectively, leptin can inactivate cofilin,
an actin-binding protein, in a Rho/ROCK-dependent
mechanism, causing an increase in G-actin and thereby
a decrease in the G-actin to F-actin ratio. In turn, MAPK
activation leads to hypertrophy and cardiac remodeling.””

Leptin-Independent Pathways

Various signaling pathways are known to be implicated in
cardiac hypertrophy. These pathways are complicated and
overlappe, but all are associated with an increase in intra-
(Ca*™) upon
stimulation.”> Binding of Ang II and endothelin-1 (ET-1)
to the cardiomyocytes’ cell surface receptors activates

cellular calcium ion concentration

phospholipase C and subsequently generates inositol tri-
phosphate and diacylglycerol, recruiting intracellular Ca**
and activating protein kinase C.”®’” Thus, Ras and MAP
kinase pathways are transducers of hypertrophic signals.”®

Moreover, calcineurin and calmodulin are molecules
involved in the molecular mechanisms that induce cardiac
hypertrophy. Calcineurin is a calcium-calmodulin-depen-
dent serine/threonine protein phosphatase that activates the
transcription factor NFAT.””*" Upon activation, NFAT
translocates to the nucleus and activates gene involved in
the hypertrophic response in myocytes.®' In the beginning,
Ca®" binds to the regulatory subunit of calcineurin and

calmodulin, activating the calcineurin phosphatase activ-
ity. NFAT is then dephosphorylated and subsequently acti-
vated, rapidly localizing into the nucleus where it binds to
GATA-4%
expression.83 B4 Overexpression of calcineurin and NFAT

leading to  hypertrophy-related  gene
in mice cardiomyocytes has been shown to lead to severe
hypertrophy and subsequent heart failure.®

Chronic mechanical stretch (mimicking hypertension)
increases calcium levels inside the cell, thereby increasing
calcineurin activation and the sequence of events leading
to hypertrophy.®® To illustrate that calcineurin is a crucial
hypertrophic transducer in cardiomyocytes, several studies
have used Cyclosporin A (CsA) or FK506, immunosup-
pressants and known inhibitors for calcineurin,®’ in their
hypertrophic experimental models.®**° Interestingly, var-
ious in vitro and in vivo studies demonstrated that calci-
neurin contributes to hypertrophy in cardiomyocytes.”® >
However, more recent studies that used calcineurin inhibi-
tory agents failed to find a significant inhibition of cardiac
hypertrophy in vitro.”>~%°

Indeed, research has shown that CsA and FK506 may
have undesirable effects that affect the specificity of calci-
neurin inhibition. High doses of CsA can alter sarcoplas-
mic reticulum Ca®" release through different direct and
indirect mechanisms.”®” CsA introduction can also inhi-
bit the Na’, K'-ATPase, resulting in neurotoxicity and
nephrotoxicity, and subsequent increase in blood pressure
(mechanical stretch).”® To overcome this issue, it has been
suggested that calcineurin could be genetically inhibited in
different ways (reviewed in Table 1). A recent novel study
demonstrated the effect of calcineurin inhibition by CU-
(CU-NP) on
hypertrophy.”® Neonatal rat myocytes treated with Ang
II, PE, and ET-1 in the presence of CU-NP exhibited an

attenuation of calcineurin activation and thus inhibition of

natriuretic  peptides cardiac  cell

NFAT translocation to the nucleus and hypertrophy
induction.”® Table 1 highlights potential methods for cal-
cineurin genetic inhibition. Combined together, these
methods emphasize the important role of calcineurin as
a transducer of cardiac hypertrophy.

Adiponectin and the Cardiovascular
System

Adiponectin, an anti-inflammatory adipokine (Figure 3)
also termed ACRP30, AdipoQ, apM1, and gelatin-binding
protein (GBP), is a 30 kDa protein that is produced by
adipocytes. Present abundantly, adiponectin accounts for
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Table | Potential Methods for Calcineurin Genetic Inhibition

Calcineurin Genetic Inhibition Method Reference(s)

Overexpression of the inhibitory domain of the two [100]
endogenous inhibitors of calcineurin, AKAP79 and
Cain:

AKAP79 is a scaffolding protein that binds to
calcineurin, while Cain has a C-terminal domain that
non-competitively inhibits calcineurin activity. Using

a recombinant adenoviral process to infect rat
cardiomyocytes, it has been shown that the calcineurin
inhibitory domains from both Cain or AKAP79 inhibit

hypertrophy after Ang Il and PE infusion.

Overexpression of the calcineurin inhibitor MCIPI: | [101]
The expression of this protein is controlled by
calcineurin and NFAT, so it is considered a feedback
effector of calcineurin activity. Interestingly, in
transgenic mice, overexpression of MCIP| blocked

hypertrophy in response to a variety of stimuli.

Transgenic inhibition of calcineurin activity in the [101]
mouse heart using dominant-negative mutant of
calcineurin:

Transgenic mice with dominant-negative calcineurin
had normal hearts at baseline; however, they
showed reduced hypertrophy in cardiac tissues

upon aortic banding.

Mice with targeted calcineurin AP gene: [102, 103]
These mice showed high resistance to hypertrophy
in cardiomyocytes upon Ang Il infusion and aortic

banding.

0.01% of total plasma proteins and functions in energy
metabolism, vascular physiology, and inflammation.'®*
The gene that encodes adiponectin is present on chromo-
some 3q27 and consists of three exons and two introns.'®
Adiponectin circulates in the body at high concentrations
but its levels are lowered in obese individuals compared to
lean individuals.'® The primary sequence of the adipo-
nectin protein is homologous to complement protein Clq
and has structural homology to tumor necrosis factor-a
(TNF-a).'"”

Adiponectin consists of three domains which include
a signal sequence at the N terminus, a globular domain at
the C terminus, and a collagen-like domain.>' This protein
can form a wide range of multimer complexes with these
three domains. In the circulation, adiponectin exists in
three major oligomeric multimers: A high molecular
weight (HMW) multimer of 12-18 monomers, a middle
molecular weight hexamer (MMW), and low molecular
weight (LMW) trimer.'*®

Adiponectin receptors are mainly AdipoR1, AdipoR2,
and T-cadherin. When AdipoR1 and AdipoR2 genes were
deleted from different mice models, adiponectin’s actions
became defective, indicating the importance of AdipoR1
and AdipoR2 in mediating adiponectin signaling.'®
AdipoR1 is expressed highly in the heart compared to
AdipoR2."° 5’ adenosine monophosphate-activated pro-
tein kinase (AMPK) and peroxisome proliferator-activated
receptor (PPAR) signaling are two major targets of adipo-
nectin signaling. AdipoR1 deletion has resulted in the
blocking of adiponectin mediated phosphorylation of
AMPK, while AdipoR2 gene deletion has resulted in
increased adiposity and glucose intolerance.''" T-cadherin
is a surface molecule expressed in cardiomyocytes, vascu-
lar smooth muscle cells, and endothelial cells. It regulates
their proliferation, migration, and survival.''?

The role of adiponectin in the pathogenesis of cardio-
vascular diseases is unclear. A correlation between low
adiponectin levels and cardiovascular diseases has been
reported.!'*'"* The association of adiponectin in the
development of cardiovascular disease is still controver-
sial, and it appears that low levels of adiponectin are not
a reliable marker for cardiovascular disease. However,
cardiac remodeling has been shown to be influenced by
adiponectin, which functions to suppress cardiac
growth.'"> Adiponectin attenuates cardiac hypertrophy in
response to pressure overload in adiponectin-knockout,
wild, and diabetic db/db mice.''®

Adiponectin has been shown to exert a protective
action against myocardial ischemia-reperfusion injury,
a process that is mediated by its ability to activate cycloox-
ygenase-2 (COX-2) in cardiac cells.''® When adiponectin
binds to T-cadherin, it leads to the attenuation of
ROSproduction, TNF-a levels, and AMPK and COX-2
activation.'® Thus, by activating the AMPK-mediated
anti-apoptotic actions and COX-2 mediated anti-inflamma-
tory actions, adiponectin protects the ischemic heart from
injury.

In addition to its anti-inflammatory properties, adipo-
nectin exerts protective actions against cardiac overload-
induced hypertrophy.® Adiponectin has been shown to
attenuate overload-induced and adrenergically-induced
cardiomyocyte hypertrophy in mice by inhibiting hyper-
trophic signaling pathways via AMPK.* Therefore, the
downregulated levels of this adipokine in obesity are
linked to increased cardiac risk in at least 2 ways:
Myocardial insult and inflammation-induced cardiovascu-
lar insufficiency.
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Figure 3 Anti-inflammatory properties of adiponectin. Adiponectin affects several tissues and promotes anti-inflammatory actions by several mechanisms.

Furthermore, adiponectin acts on the vascular system
and exerts protective effects in various vascular disorders,
such as endothelial dysfunction.''” Adiponectin also pro-
tects against the harmful vascular remodeling that occurs
in response to excessive mechanical stretch induced by
hypertension.*® Mechanical stretch activates ERK1/2 sig-
naling, increases ROS formation, and induces GATA-4
nuclear translocation in vascular smooth muscle cells,
whereas exogenous adiponectin at physiological concen-
trations inhibits all of these effects in mechanically
stretched vessels.>> Moreover, exogenous adiponectin has
been shown to activate the protective LKB1-AMPK-eNOS
signaling axis, which in turn, inhibits hypertension-

induced hypertrophy.>>!!®!1

Autophagy

Autophagy, a catabolic process that is vastly conserved in
all eukaryotes and mammals,'*° is prompted by one of two
processes. The first occurs via physiological processes
such as the intracellular accumulation of proteins and
organelles that would consequently be degraded into reu-
sable, biologically active monomers like amino acids;'*’
the second process occurs via pathological triggers like
starvation, cellular stress, and ROS."! The process of
autophagy is essential for organism survival. Pyo et al
report that transgenic mice overexpressing autophagy-
related gene 5 (AtgS), an essential protein for the forma-
tion of autophagosomes, have a median life span increase

by 17% in addition to their anti-aging phenotypes, which
include enhanced leanness, increased insulin sensitivity,
and improved motor function.'?* Concurrently, Yoshii
et al report that a deficiency in Atg5 is lethal.'*

categorized into three

Autophagy is types:

Macroautophagy, microautophagy, and chaperone-
mediated autophagy (CMA).'** Macroautophagy is con-
sidered the chief pathway for the lysis of large portions of
the cytoplasm and cellular contents, such as long-lived
proteins, aggregated proteins, damaged organelles, and
intracellular pathogens.'*® This process is initiated by the
nucleation and expansion of the double-membraned struc-
ture, known as the phagophore, followed by the fusion of
lysosomes, membrane-bound cell organelles that contains
digestive enzymes, eventually leading to the formation of
autophagolysosomes.'** Microautophagy is the process by
which lysosomes digest small quantities of cytosolic sub-
strates; this could be induced by nitrogen starvation or
rapamycin via regulatory signaling complex pathways.'**
Additionally, the process is initiated by autophagic tubes-
mediated direct engulfment of cytoplasmic materials and
involves both invagination and vesicle scission into the
lumen.'?® On the other hand, CMAis initiated following
prolonged physiological stress and is mediated through
heat shock cognate protein.'** Intriguingly, CMA is a
uniquely selective mechanism; proteins that are targeted
through this pathway are individually tagged through

a recognition motif in their amino acid sequences. This
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ensures efficient and specific degradation of damaged or

abnormal proteins.'?’

Autophagy and Cardiac Remodeling

A variety of physiological, such as exercise and pregnancy,
and pathological, including hypertension, valvular heart
disease, and myocardial infarction, stimuli could trigger
cardiac compensatory mechanisms.'?® Cardiac modulation
in terms of chambers’ volume, systolic contraction, dia-
stolic relaxation, heart rate, and muscle mass are common
in response to environmental stimulation.'*® In pathologi-
cal cases, cardiac remodeling begins with the compensa-
tory mechanism of increasing cardiac overload.'?®
Nonetheless, persistent pathological stimuli consequently
induce systolic dysfunction and heart failure.'*®

Autophagy is thought to be one of the main mechan-
isms controlling the cardiac hypertrophic response.'*
Although it seems counterintuitive, the involvement of
autophagy, a degradation mechanism, in myocyte prolif-
eration and hypertrophic remodeling is attributed to the
complex nature of cardiac myocytes. This warrants more
than protein synthesis to extend to the disassembling and
remodeling of existing cellular elements throughout the
process of cardiac remodeling.'*® In fact, a growing body
of evidence in both human heart failure and diseased
animal models supports the involvement of the lysosomal
pathway in the pathogenesis of heart disease;'?’ indeed,
augmented cardiac hypertrophy was found to be associated
with autophagy.'?’

To elaborate on the involvement of autophagy in car-
diac remodeling, it is crucial to differentiate between
adaptive, which is vital for cellular homeostasis, and mala-
daptive, that is associated with sustained stimuli.'*® In this
review, we illustrate the different maladaptive autophagy
signaling pathways in cardiac hypertrophy. Taking into
account the minute capacity of cardiac myocytes to
undergo cell proliferation, hypertrophy is, therefore, their
only method of cellular growth in response to various
stimuli. Cardiac hypertrophy is originally initiated as an
adaptive mechanism in response to elevated cardiac wall
tension and to increase cardiac output.'*® For instance,
Yamaguchi et al report that inducing transient pressure
overload through a thoracic transverse aortic constriction
(TAC) in wild-type mice leads to cardiac hypertrophy
without resulting in cardiac dysfunction or fibrosis.'*' To
illustrate the role autophagy plays in the described case,
the expression of LC3, a soluble protein that is recruited to
the autophagosomal membrane and is reflective of

starvation-induced autophagic activity, was determined
using immunoblotting. The study reports a significant
decrease in LC3 expression in TAC-induced hypertrophied
hearts at 1-week post-surgery as opposed to placebo wild-
type hearts and transgenic mice."*' Similarly, Dammrich
et al report a diminished autophagic response in Sprague—
Dawley rats following supravalvular aortic constriction.'**

Cardiac hypertrophy is a multi-phased process; during
the compensatory hypertrophic response, autophagy is
downregulated. The noted decrease in autophagy leads to
the accumulation of ROS and harmful proteins.'** In the
case of a sustained stimulus, such as continuous exposure
load,

maladaptive.'*® This, coupled with the increased accumu-

to an elevated cardiac hypertrophy becomes
lation of malfunctional mitochondria and harmful proteins,
causes a further increase in ROS generation, thus, inducing
cellular necrosis and eventually leading to heart failure.'**
Concurrently, Nishida et al report an initial downregula-
tion in autophagy 1-week post-surgery in wild-type mouse
hearts treated with TAC, as opposed to the observed left
ventricular (LV) dilation and cardiac dysfunction asso-
ciated with an upregulation of autophagy following 4

same animal model.'*°

weeks of surgery in the
Additionally, in Atg5-deficient mice, a similar stimulus
leads to the development of cardiac hypertrophy coupled
with LV dilatation and cardiac dysfunction 1-week post
surgery.'** This emphasizes the role that autophagy upre-
gulation plays in the transitioning from hypertrophy to
heart failure.

The mechanism by which autophagy leads to heart
failure is yet to be fully illustrated. Nonetheless, studies
have shown that the accumulated malfunctional mitochon-
dria increase the generation of ROS and decrease ATP
production."** This, in turn, triggers energy sensor
AMPK and inhibits mammalian target of rapamycin
(mTOR), permitting the activation of Unc-51-like kinase
(ULK1)."* The formation of Atgl/ULKI and Class III
phosphatidylinositol 3-kinase (PI3K III)/Beclinl is crucial
in the development of the phagophore. The elongation and
maturation process of the phagophore is facilitated through
two ubiquitin-like conjugation systems; the first involves
Atgl2-Atg5-conjugate which facilitates localization, while
the second involves conjugation of phosphatidylethanola-
mine (PE) to microtubule-associated protein 1 light chain
3 (LC3)/Atg8, leading to the formation of autophagosome-
associated form LC3-III and eventually forming the
autolysosomes.'*® The described pathway leads to the

upregulation of autophagy in heart failure.'** Moreover,
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Nishida et al and Miyata et al have reported similar find-
ings in the myocardium caused by dilated cardiomyopathy,

130

valvular disease, and ischemic heart disease and in

animal models such as UM-7.1 cardiomyopathic

hamsters,'*’ respectively.

Regulation of Autophagy by Inflammatory
Cytokines

As pointed above, this review focuses on the pro-inflam-
matory cytokine leptin and anti-inflammatory adiponectin.
In general, Thl cytokines, such as IL-1, IL-2, IL-6, inter-
feron gamma (IFN-y), transforming growth factor beta
(TGF-B), and TNF-a, induce autophagy. Conversely, the
classical Th2 cytokines, including IL-4, IL-10 and IL-13,
generally inhibit autophagy.'®

IFN-y-induced activation of macrophages increases the
maturation of mycobacteria-containing phagosomes and
stimulates autophagy in an Irgm1/IRGM-dependent man-
ner, leading to increased intracellular killing of
pathogens."** However, phagosome maturation by IFN-y
can be abrogated by TNF blockers, suggesting the invol-
vement of TNF-a in IFN-y-induced phagosome maturation
and autophagy. Interestingly, TNF-a involvement in autop-
hagy induction has also been shown in various cell types;
however, the actions and mechanisms differ between the
different cell types.138 TNF-0 can also stimulate autop-
hagy via the ERK1/2 pathway.'*® Nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB) has been
shown to inhibit TNF-a-induced autophagy, a process that
is dependent on ROS generation.'*!

TGF-B induces the formation of autophagosomes and
increases the expression of autophagic mRNA, including
Atg5 and Atg7.'*? However, both CC chemokine CCL2
(monocyte chemoattractant protein-1) and IL-6 can stimu-
late autophagy and upregulate anti-apoptotic proteins.'*®
IL-1 has
autophagy,'*® whereas insulin-like growth factor-1'** and
fibroblast growth factor 2'*° both exert inhibitory effects

on autophagy. However, the detailed mechanisms still

In addition, been shown to stimulate

need to be elucidated.

On the other hand, Th2 cytokines have been shown to
inhibit starvation- or inflammatory stimulation-induced
autophagy through different pathways.'*® Inhibition of
starvation-induced autophagy has been shown to occur
via the Akt pathway, whereas inhibition of IFN-y or rapa-
mycin-induced autophagy occurs through the STAT signal-

ing pathway.'3%!4°

Pro-Inflammatory Leptin and Autophagy

Few studies have discussed the relationship between leptin
and autophagy. For instance, Malik et al have shown that
leptin injections stimulate the expression of LC3 protein and
reduce the expression of p62 protein in the myocardium, as
well as in the kidney, skeletal muscle, and liver, indicating the
activation of autophagy.'*’ In contrast, the study also
reported that mice with leptin receptor deficiency manifested
an increase in autophagy in these tissues.'*’ Therefore, this
study suggests that any modification in leptin levels may lead
to autophagy.'*’ Being a downstream regulator of leptin and

1“8 mTOR, a nutrient-

an upstream effector of autophagy,
sensitive protein, is a key player in this mechanism.

A recent study suggested that in cardiac endothelial cells,
leptin contributes to autophagy during cardiac hypertrophic
remodeling.'* In pressure overload-induced hypertrophy,
the activation of the Akt/mTOR pathway through leptin
receptor inhibited endothelial autophagy and promoted car-
diac inflammation, fibrosis, and dysfunction.'*’ Leptin was
shown to impair cardiomyocyte contractile function; how-
ever, this effect was reduced after inhibition of autophagy
using e-methyladenin (3-MA), demonstrating that leptin
affects cardiac contractile function through an autophagy-
dependent mechanism.'*® In addition, Luo et al have shown
that leptin reduces contractile function in rat cardiomyocytes
by decreasing oxidative stress and inhibiting autophagy.>

Leptin induces the formation of autophagosomes, as
evidenced by leptin-mediated upregulation in LC3-II,
AtgS5, and beclin 1 expression and downregulation in p62
expression.'>! Moreover, it has been shown that peripher-
ally administering recombinant leptin leads to autophagy
in peripheral tissues, including the heart, skeletal muscle,
and liver."*” In addition, pharmacologically inhibiting
ROS by tempol has been shown to attenuate leptin-
induced formation,

autophagosome demonstrating

a crucial role for ROS in leptin-induced autophagy.'>°

Anti-Inflammatory Adiponectin and Autophagy

Recently, the regulation of cardiac autophagy has been
considered as a crucial mechanistic part of the adiponectin
cardioprotective effect. In response to oxidative stress,
adiponectin has been shown to inhibit excessive autopha-
gic activity in cardiomyocytes mainly through the ERK-
mTOR-AMPK signaling pathway. This demonstrates the
potential of adiponectin to act as an anti-oxidant in oxida-
tive stress-related cardiovascular diseases including hyper-
tension-mediated heart failure.'>> An important role for
adiponectin was also reported in high-fat diet-induced
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obesity and cardiac pathology. Deficiency in adiponectin
enhanced high-fat diet-induced obesity, cardiac hypertro-
phy, and contractile dysfunction, possibly through AMPK/
mTOR-dependent reduction in myocardial autophagy.'>
Moreover, adiponectin deficiency has been shown to pro-
mote Ang Il-induced cardiac inflammation and fibrosis
and reduce macrophage autophagy in cardiac tissues.'>*
Research has shown that in response to pressure over-
load, aged mice with adiponectin deficiency exhibit
reduced cardiac autophagy and increased susceptibility to
cardiac dysfunction.'* Furthermore, adiponectin directly

cardiac 155

enhances autophagy flux in myoblasts.
Collectively, these data indicate that adiponectin may pro-
tect against the development of cardiac dysfunction likely
through inducing cardiac autophagy, which is important in
preserving normal heart function in response to stress or
aging.'>> Induction of autophagy is involved in many
biological processes regulated by both leptin and adipo-
nectin, although the mechanisms by which these adipo-

kines modulate autophagy are not well defined.

Conclusion

Due to the increased risk of cardiovascular disease devel-
opment in obesity, there is recently a great interest in
identifying new mechanisms that govern the cardiovascu-
lar response in diseases related to obesity. The mechan-
isms by which leptin and adiponectin contribute to
cardiovascular diseases are multifactorial in nature. For
of JAK/STAT,
MAPK, and Rho pathways was found to initiate and

instance, leptin mediated-activation
promote a complex process involving cardiomyocyte pro-
liferation, fibrosis, vascular rarefaction, electrophysiologi-
cal changes, and inflammation, eventually leading to
cardiac remodeling and hypertrophy. Conversely, the role
of adiponectin in the pathogenesis of cardiovascular dis-
eases is yet to be fully elucidated. Adiponectin was
reported to possess cardio-protective properties through
the activation of AMPK-mediated anti-apoptotic actions
and COX-2 mediated anti-inflammatory actions. Equally,
autophagic activity is crucial in maintaining cardiovascular
balance and function. Alterations in autophagic flux in
response to leptin and adiponectin occur in many types
of heart disorders, and autophagic activity seems to be
essential in maintaining cardiovascular balance and func-
tion. Changes in autophagic flux, whether in excessive or
inadequate levels, may cause cardiac dysfunction. Thus,
fully elucidating the mechanisms through which leptin and
actions

adiponectin exert their on autophagy and

determining their effect on the cardiovascular system
would be pivotal in the identification of new therapeutic
targets for the treatment of various cardiovascular

diseases.
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