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Abstract

Ghrelin, a small peptide hormone (28 aa), secreted mainly by X/A-like cells of gastric mucosa, is also locally produced in
cardiomyocytes. Being an orexigenic factor (appetite stimulant), it promotes release of growth hormone (GH) and exerts diverse
physiological functions, viz. regulation of energy balance, glucose, and/or fat metabolism for body weight maintenance.
Interestingly, administration of exogenous ghrelin significantly improves cardiac functions in CVD patients as well as experi-
mental animal models of heart failure. Ghrelin ameliorates pathophysiological condition of the heart in myocardial infarction,
cardiac hypertrophy, fibrosis, cachexia, and ischemia reperfusion injury. This peptide also exerts significant impact at the level of
vasculature leading to lowering high blood pressure and reversal of endothelial dysfunction and atherosclerosis. However, the
molecular mechanism of actions elucidating the healing effects of ghrelin on the cardiovascular system is still a matter of
conjecture. Some experimental data indicate its beneficial effects via complex cellular cross talks between autonomic nervous
system and cardiovascular cells, some other suggest more direct receptor—-mediated molecular actions via autophagy or
ionotropic regulation and interfering with apoptotic and inflammatory pathways of cardiomyocytes and vascular endothelial
cells. Here, in this review, we summarise available recent data to encourage more research to find the missing links of unknown

ghrelin receptor-mediated pathways as we see ghrelin as a future novel therapy in cardiovascular protection.
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Introduction

Ghrelin, a 28 amino acid (aa) peptide, was first purified from
rat stomach in 1999 [1]. Although this peptide hormone is
produced predominantly in X/A cells or ‘ghrelin cells’ of gas-
tric oxyntic mucosa of duodenum in adults and ¢ cells of from
pancreatic islets in foetus [2], ghrelin mRNA and protein are
also distributed in different tissues including cardiomyocytes
and endothelium of blood vessels [3, 4]. In recent years, stud-
ies revealed a plethora of functions of ghrelin including appe-
tite stimulation, gut motility, gastric acid secretion, taste sen-
sation and glucose metabolism, sleep/wake rhythm, learning
and memory, reward seeking behaviour, and cardiovascular
protection [5]. Ghrelin induce GH secretion from pituitary,
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called growth hormone secretagogue (GHS), and can regulate
hypothalamus-pituitary axis [6, 7]. In nomenclature, ‘ghre’
comes from the Proto-Indo-European root of the word ‘grow’,
and ‘relin’ is the short form that refers to its GH-‘releasing’
activities [8]. There are two major forms of ghrelin: biologi-
cally active acyl-ghrelin and non-active desacyl ghrelin [9]. It
bears N-octanoylation at its third serine residue, which is nec-
essary for active receptor binding to exert biological effects. In
healthy individuals, level of non-acylated serum ghrelin is
significantly higher compared with the bioactive acylated
ghrelin [10], but this balance is disrupted in pathological con-
ditions [11].

From the middle of the twentieth century, the heart has also
emerged as endocrine organ that maintain homeostasis in the
cardiovascular system and also other organs that control its
function [12]. The term ‘cardiokine’ is used to describe
proteins/peptides secreted from the heart, and particularly,
‘cardiomyokines’ which are secreted from cardiomyocytes
[13]. Cardiac cells bear GHS receptors, which indicate
ghrelin-mediated biological actions within the heart [14].
Basically, this gastric hormone establishes a crucial endocrine
link with the heart [15]. Ghrelin-mediated cardiovascular
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protective effects have been reported in both GH-dependent
and GH-independent manner [16-18].

In this review article, we will incript the most recent car-
diovascular protective evidences of ghrelin and the back-
ground mechanisms involved to highlighting its possible fu-
ture therapeutics potentialities.

Distribution, chemical structure,
and synthesis of ghrelin

Ghrelin is not exclusively but predominantly produced by the
gastric cells and also expressed in several different organs,
including the pancreas, kidney, testes, ovary, pituitary gland,
hypothalamus, intestine, lymphocytes, and/or placenta [3].
Ghrelin has a highly conserved sequence in almost all verte-
brates [19]. The ghrelin gene of human is located on the 3p25—
26 chromosome and consists of three introns and five exons
which encode a transcript of 511 bp, corresponding to 117
amino acid long precursor named preproghrelin [20]. The pre-
cursor of the hormone, proghrelin, yields two mature peptides,
ghrelin (28 aa) and obestatin (23 aa). Preproghreln enters the
endoplasmic reticulum, and signal peptide sequence of 23 aa
is removed by the enzyme prohormone convertase 1/3 (PC
1/3) to generate ghrelin [21]. The same enzyme perhaps plays
a critical role in processing of obestatin. A portion of ghrelin
pool, during maturation, undergoes post-translational acyla-
tion, commonly, octanoylation of the serine at the 3rd position
by the enzyme ghrelin O-acyltransferase (GOAT) [6, 22] (Fig.
la). Other portion of ghrelin is called unacyl-ghrelin, but in-
active as it cannot bind to its receptor GHSR and exerts down-
ward molecular actions [23]. The presence of n-octanoyl
group modification at the side chain of Ser3 in the peptide
determines the potency of active ghrelin to bind with its re-
ceptor to be active form of ghrelin [24].

Ghrelin hormone receptors
in the cardiovascular system

Ghrelin receptor (GHSR) was first isolated from the pituitary
gland [25], and later, it was found in different parts of brain
and peripheral organs like the heart and pancreas GI tract [5]
[26]. The human GHSR gene is located on chromosome
3q26.2 and mostly conserved across species [27] and encodes
two splicing variant, GHSR-1A and GHSR-1B/non-GHSR-
1A [25, 28]. Interestingly, an additional subtype of ghrelin
receptor, different from classical GHSR-1A and 1B, has been
identified in H9C2 cardiomyocytes and endothelial cell.
Interestingly, both acylated and non-acylated ghrelin can bind
to GHSR-1B subtype [29]. GHSR-1A and GHSR-1B are 7
and 5 spanned trans-membrane G protein-coupled receptor,
respectively. Although functions of GHSR-1A are well
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documented, that of GHSR-1B are still matter of conjecture
[25, 30, 31] (Fig. 1b). A minimal sequence is needed to acti-
vate GHSR-1A, which is a short N-terminus tetra- or penta-
peptides including the first Gly-Ser-Ser[n-octanoyl]-Phe ami-
no acids that constitute the ‘active core’ of ligand to bind
stringentically with its receptor and activate GHSR-1A-
mediated cascades [32]. GHSR-1A is an important player
for orexigenic effects of ghrelin but non-type GHSR-1A
may exert other physiological functions of ghrelin [33]. In
addition, a type B scavenger receptor CD36 (84-kD
glycoprotein) is found in rat and human cardiovascular tissues
[34-36] and can bind with synthetic peptidyl GHSs, such as
['*°I] Tyr-Ala-hexarelin. However, potential connection be-
tween CD36 receptor and endogenous ghrelin down cascades
is still a matter of conjecture and requires further studies.
Using a ['#I] His9-ghrelin-binding assay, the pervasiveness
of GHS receptors in the cardiovascular system has been con-
firmed in the human saphenous veins, coronary artery, left
ventricle, and right atrium [37].

Different subtypes of ghrelin receptors vary greatly in
structure as well as in their biological effects on the heart
and blood vessels. Elucidation of these receptors in the heart
and better understanding of binding sites for ghrelin might
lead to the development of new synthetic agents with all the
beneficial effects on the heart cells described further in this
article without the concomitant effects on GH release.

Cardiovascular protection by ghrelin

Endogenous and exogenous ghrelin is active in the heart as
well as in the blood vessels [38—42]. Chronic ghrelin admin-
istration heals left ventricular dysfunction and cardiac cachex-
ia significantly by vasodilatation in rat model [43] and pre-
vents cardiac hypertrophy, fibrosis after MI, and ischemia/
reperfusion injury resulting in reduced mortality rate in
in vivo and isolated murine heart disease model [44—46].
Ghrelin treatment also reduced arterial blood pressure, im-
proved ventricular function and endothelial dysfunction, and
significantly increased cardiac capacity and oxygen consump-
tion during exercise in patients with chronic heart failure
(CHF) [47]. Several beneficial effects of ghrelin on the car-
diovascular system are summarised in Fig. 2.

Ghrelin ameliorates myocardial infarction

Myocardial infarction (MI) is a term used when a patch of
cells die in myocardium due to reduced blood flow to heart
resulting in lack of oxygen supply. This occurs due to forma-
tion of plaques in interior walls of arteries [48]. Multiple ev-
idences indicate role of ghrelin-mediated cardioprotection in
post-MI rats by turning on pro-survival mechanisms [49].
Acyl ghrelin treatment for 2 weeks after MI reduces
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cardiomyocyte mortality and normalises heart rate by mitigat-
ing sympathetic activation and left ventricular function in mu-
rine models in vivo [44, 50]. Short-term exposure is effective
too, even in less than 2-h exposure after MI. The cell mortality
rate has attenuated in rat [S1, 52]. In chronic MI patients, level
of plasma ghrelin has been reported to be significantly low
[53-55]. Increased mortality in post-MI condition was also
evident in ghrelin-KO mice which were efficiently reverted
by exogenous ghrelin treatment [55, 56]. Chronic administra-
tion of ghrelin very significantly suppressed the MI-induced
increase in heart rate and plasma norepinephrine conc. to
levels at par with sham-operated controls [44, 57]. Plasma
ghrelin [58] or locally produced myocardial ghrelin was found
to be upregulated in isoproterenol-induced myocardial injury
and fibrosis as well as ischemic heart disease, acting via non-
GHSR-1A receptors [58, 59].

Ghrelin was reported to reduce the post-MI scar, ameliorate
inflammatory cytokines such as IL-13 and TNF-«, and regu-
late activinA/follistatin imbalance in rat models in vivo [60,
61]. Wang et al. showed ghrelin-mediated amelioration of
Ang [I-induced myocardial fibrosis by upregulating PPAR- ,
and PPAR- antagonist GW9662 treatment counteracted the
effects [62]. In another study by Eid et al. [63], ‘Attenuation of
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SOCS3’ and ‘induction of JAK2/STAT3’ were identified as
pathways by which ghrelin acts in post-MI remodelling. Anti-
apoptotic function of active ghrelin was also observed via
activation of Raf-MEK1/2-ERK1/2 or inhibiting oxidative
stress and inflammation via TLR4/NLRP3 signalling in ex-
perimental MI animal models [64, 65]. In post-MI rat’s aorta,
vasodilation and oxidative stress reduction by acylghrelin
were found to be mediated by inhibiting ACE-induced activa-
tion of NADPH-dependent oxidase and/or upregulation of
eNOS activity [66].

However, more in-depth investigations are required to un-
ravel therapeutic effects of ghrelin in early myocardial
infarction.

Ghrelin heals cardiac hypertrophy and fibrosis

Cardiac hypertrophy is one of the adaptive responses of the
heart in chronic hemodynamic overload and/or persistant M1
that increases the risk of heart failure [67]. Inflammatory cy-
tokines play pivotal roles in the progression of cardiac hyper-
trophy [68, 69]. Ghrelin attenuates those inflammatory cyto-
kines [70] and thus can be beneficial in cardiac hypertrophy.
Ghrelin can induce parasympathetic cardiac-vagal nerve
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Fig. 2 Summary of role of ghrelin as cardioprotective peptide. a
Schematic diagram showing ghrelin and desacyl ghrelin—-mediated cardi-
ac protection in different diseases like myocardial infarction, hypertro-
phy, fibrosis, cardiac cachexia, diabetic cardiomyopathy, arrythmia, and
I/R injury. b Actions of ghrelin on vasculature showing healing properties
in hypertension and coronary artery disease and atherosclerosis and pro-
moting angiogenesis and vasodilatation. Upward arrow signifies upregu-
lation and downward arrow signifies downregulation of particular mole-
cule or pathway depicted in the figure. MMP, matrix metalloproteinases;
IL-2, interleukin-2; TNF-«&, tumour necrosis factor-o¢; GH, growth hor-
mone, PPAR-y, peroxisome proliferator-activated receptors-y; JAK-2,

activity [71] which was attenuated in ventricular hypertrophic
condition [72]. Ghrelin-KO mice demonstrated worse patho-
physiological condition by attenuating cholinergic anti-
inflammatory pathway and parasympathetic nerve activity
but inducing pro-inflammatory IL-13 and IL-6 levels, which
were reversed significantly by exogenous ghrelin [46, 73].
The excess deposition of collagen in the heart ECM by
several stimuli is a common pathophysiological feature of
cardiac hypertrophy or cardiac remodelling after heart injury
[74]. Both acylated and unacylated ghrelin inhibited cardio-
myocyte death, and production of excess ECM proteins
in vivo in doxorubicin-induced cardiomyopathy [75, 76]
was observed. Significant anti-fibrotic effects of ghrelin have
been also demonstrated in other experimental models of car-
diac injury, such as isoproterenol administration, myocardial
infarction (MI), and spontaneous or diabetes-associated hy-
pertension [60, 77-80]. Exogenous -adrenergic agonist iso-
proterenol induces heart injury that also leads to fibrosis and
increases myocardial ghrelin expression and plasmatic
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acylated ghrelin levels [77, 78], although the mechanisms of
such protective measure are still unclear. Desacyl ghrelin also
displays anti-fibrotic actions by GHSR-independent pathways
[78] and significantly blunts the induction of MMP-2 and
MMP-9 that could be inferred as inhibition of overall fibro-
blast activity [60]. The synthetic GH-secretagogue, hexarelin,
also prevents cardiac fibrosis by inducing MMP-2 and MMP-
9 activity in spontaneously hypertensive rats [79]. However,
desacyl ghrelin was shown to have no effect on other MMPs
like MMP-8 and MMP-13 which are also fibrotic mediators
[80]. In db/db mice, unacylated ghrelin impaired collagen ac-
cumulation by upregulating adiponectin expression [80],
which is a well-known regulator of cardiac hypertrophy and
fibrosis [81, 82].

Ghrelin and cardiac cachexia

Cardiac cachexia (CC), severe weight loss due to heart dis-
ease, disrupts catabolic and anabolic balance of the body [83],
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promotes hormonal changes and cytokine activation [84, 85],
and in turn, provokes systemic tissue wasting, skeletal muscle
loss, and bone loss too [86-89]. Ghrelin secretion has been
proved to counter energy deficit against starvation-related ca-
chexia [90] and control adaptive feeding response [91]. Being
a strong adipogenic and orexigenic molecule, it induces
weight gain and adiposity [92] by increasing not only in body
weight and body fat mass but also in lean tissue mass and
reduction of myostatin plasma levels [93]. The resistance of
heart failure (HF) patients to the effects of appetite-stimulating
ghrelin was put forward as one of the possible contributing
factors in the development of cardiac cachexia [94]. Patients
with HF and CC have significantly higher plasma ghrelin
levels than in those without CC and healthy subjects, which
indicates a compensatory or counteracting mechanism condi-
tion of anabolic/catabolic imbalance in CC [95]. Exogenous
ghrelin found to be beneficial in 2 ways as it increases cardiac
output and decreases systemic vascular resistance in patients
with cardiac cachexia [96, 97]. In addition, exogenous admin-
istration of ghrelin has been observed to elicit a potent, long-
lasting stimulation of food intake via induction of neuropep-
tide Y (NPY) neurones in the hypothalamic arcuate nucleus
[98-100]. Ghrelin analogues BIM-28131 and BIM-28125 im-
prove body weight [43], increasing appetite in experimental
heart failure model by regulating MuRF-1 and MAFbx [101]
as well as myostatin [102] expression.

These results raised the possibility that increased plasma
ghrelin may play a compensatory physiological role when
balance of anabolic/catabolic factors is disrupted in cachectic
patients with chronic HF.

Ghrelin and diabetic cardiomyopathy

It is well established that individuals with diabetes have a
significantly higher risk of developing cardiovascular diseases
including cardiomyopathy (CM) and heart failure [103, 104].
Chronic heart failure is the reason for ~70% of diabetes-
related deaths [105]. Diabetes can directly cause myocardial
injury, resulting in a distinct disease called ‘diabetic cardio-
myopathy (CM)’. Data from epidemiologic, experimental,
and clinical studies have shown diabetes-related structural
and functional cardiac changes including higher left ventricle
(LV) mass, wall thickness, and/or arterial stiffness [106]
caused by deposition of advanced glycation end-products
(AGEs) and collagens [107, 108]. The cardioprotective effects
of hexarelin and ghrelin have been well investigated in dia-
betic animal models, and its beneficial roles are evident in
several studies [109-113].

Firstly, the acylated ghrelin increases blood glucose con-
centrations and decreases insulin in rodent model [114, 115],
which are not favourable for diabetic individuals. In contrast,
desacyl ghrelin decreases glucose release and improves insu-
lin sensitivity [116, 117], stimulating lipid accumulation [118]

in adipocytes. Preliminarily, desacyl ghrelin has been demon-
strated to have beneficial effects on cardiovascular system and
metabolism of glucose and lipid [119, 120]. Obestatin, another
product of pro-ghrelin, effectively protected STZ-induced
myocardial dysfunction [121]. A negative correlation between
plasma ghrelin was documented in hypertensive population
[122] and obese patients [123]. Exogenous ghrelin adminis-
tration to overweight patients strongly improves their insulin
sensitivity [124] and that protects the heart by inhibiting ex-
cessive collagen deposition in ECM and inducing autophagic
signalling via the pro-survival AMPK/ERK1/2 signalling
pathways in db/db mice [80]. Desacylated form is unable to
stimulate release of growth hormone (GH) [28] and indicates
that its role in diabetic cardiomyopathy protection is via non-
GHSR-1A receptors. The therapeutic value of desacyl ghrelin
in diabetes management would be potentially high. Desacyl
ghrelin treatment alleviated diabetic cardiomyopathy by im-
proving the contractile function of left ventricle, reducing car-
diac fibrosis, and activating cardiac autophagy [80].

Ghrelin-mediated attenuation of hypertension

Hypertension can be defined as a chronic elevation of system-
atic arterial pressure above a certain threshold value that
causes a cardiovascular risk [125]. In a large middle-aged
hypertensive cohort study, significant negative association be-
tween ghrelin and blood pressure has been observed [126].
Furthermore, ghrelin gene Arg51GIn mutation was proved
to be an independent risk factor of hypertension [127]. In
contrast, plasma ghrelin levels are significantly increased in
idiopathic pulmonary hypertension (PH) and are positively
correlated with NO levels, levels of N-BNP, pulmonary artery
systolic pressure, and RV diameter [128]. Microinjection of
ghrelin into the nucleus of the solitary tract of rats significantly
decreased the mean arterial pressure and heart rate, but in
contrast, unilateral microinjection of ghrelin into the area
postrema, rostral, and caudal ventrolateral medulla caused
no significant changes in the mean arterial pressure and heart
rate [129]. In pulmonary hypertension rat models, it signifi-
cantly attenuated hypertension, pulmonary vascular remodel-
ling, right ventricular hypertrophy, right ventricular diastolic
disturbances, wall thickening of peripheral pulmonary arter-
ies, and also, ameliorated left ventricular dysfunction [130].
This correlation between ghrelin and hypertension is mud-
dled when these parameters were assessed during pregnancy.
In normotensive pregnant women, ghrelin was negatively cor-
related with blood pressure, whereas in hypertensive non-
pregnant women, there was a significant positive correlation
[131]. In spontaneously hypertensive pregnant rats, plasma
ghrelin levels were significantly higher compared with con-
trols [132]. But ghrelin level in the stomach is unchanged, and
the level of ghrelin mRNA in the placenta was lower in the
hypertensive animals, indicating possibly a different local
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production of ghrelin during pregnancy is regulated different-
ly [132].

Ischemia-induced injury and arrhythmias control by
ghrelin

Ischemia/reperfusion (IR) injury may be defined as damage of
cells that results from a period of ischemia followed by re-
establishment of blood supply at the ischemic site [133]. It is a
significant cause of myocardial morbidity after an acute MI
[134-136]. Ghrelin has been shown to be beneficial against I/R
injury in numerous organs including the liver, kidneys, intestines,
spinal cord, and pancreas in animal models [137-141]. In the
heart, both ghrelin and its analogue hexarelin have been shown
to exert cardioprotective effects after I/R injury [110, 111].
Increased coronary flow, heart rate, and LV systolic pressure,
as well as reduced LV end-diastolic pressure and myocardial
release of lactate dehydrogenase and myoglobin, have been ob-
served after administration of ghrelin during I/R injury in isolated
rat hearts [45]. Preservation of electrophysiological properties by
ghrelin by regulating both voltage-gated L-type calcium and so-
dium currents has also been reported in isolated I/R injury heart
model [142]. The mechanism of protection provided by GHSs
after I/R injury is GH independent, which results in an increased
maximum binding capacity of ghrelin on sarcolemmal mem-
branes [45]. Endoplasmic reticulum stress inhibition and
blocking of pro-apoptotic processes through a Ca®*/calmodulin/
AMPK pathway are one of the major mechanisms of actions of
ghrelin [143]. GHSs were also shown to prevent the phosphory-
lation of pro-apoptotic proteins p38, c-Jun NH (2)-terminal ki-
nase, and caspase-9 [142]. Other potential pathways including
protein kinase C or recovering sarcolemmal Ca** are induced
[109, 111].

In ghrelin KO mice, malignant arrhythmias worsen that can
be reversed through exogenous ghrelin replacement [50].
Ghrelin can significantly decrease vulnerability of ventricular
arrhythmias in rat MI model, by increasing expression of
connexin-43 in the myocardium [144, 145]. Intravenous ad-
ministration after ligation of the left coronary artery amelio-
rates ventricular tachyarrhythmia preventing the loss of phos-
phorylated connexin-43 through higher parasympathetic ac-
tivity of vagal nerve [145] and adrenergic response [50, 56,
146].

Vasodilatation and hemodynamic effects of ghrelin

Endothelial cells are very important constituents of blood ves-
sels which play critical role in cardiovascular homeostasis
[147]. Immuno-reactive ghrelin protein has been identified
in endothelial cells of the human artery and vein [40] that
suggests this peptide may be involved in endothelial function
in vascular system. Low level of ghrelin is directly associated
with high blood pressure [126]. Serum ghrelin level was found
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to be significantly lesser in obese patients having metabolic
syndromes with impaired endothelial function [123, 148].
Intravenous injection of acyl-ghrelin (10 pg/kg body weight
dose) to 6 healthy volunteers in randomised fashion leads to
beneficial hemodynamic alterations and increased cardiac out-
put without any heart rate alteration [149].

There are several hypotheses of ghrelin-mediated vaso-
dilation that have been proposed so far. Vascular homeo-
stasis is maintained by balance of endothelium-derived
relaxing factor nitric oxide (NO) and contracting factors,
endothelin (ET)-1 [150]. Intravenous ghrelin replacement
reduces blood pressure in human as well as rabbit without
any change in heart rate [149, 151]. Further, Okomura et al.
[152] explained this event is a GH/insulin-like growth fac-
tor (IGF)-I/nitric oxide (NO)-independent mechanism.
Interestingly, ghrelin (0.1-300 nM) has been demonstrated
as a good vasodilator in denuded mammary gland artery,
which indicates another endothelial cell-independent mech-
anism of vasodilatation [153].

In contrary, ghrelin exposure stimulates NO production in
human and bovine aortic endothelial cells in vitro in a time-
and dose-dependent manner that can be blocked by GHSR-1A
receptor blocker [d-Lys3]-GHRP-6 [154]. Chronic ghrelin
treatment in isolated aortic rings of GH-deficient dwarf rats
significantly increased endothelium-dependent relaxation that
has been reversed by inhibiting L-NAME as compared with
those given placebo. This effect further demonstrated that
treatment with ghrelin increased aortic endothelial NOS ex-
pression, and this peptide-mediated vasodilation can be re-
versed by selective eNOS inhibitors [155]. Ghrelin decreases
sympathetic nervous outflow upon stimulation of the ghrelin
receptor in neuronal cells of the nucleus of the solitary tract,
and microinjection of ghrelin at a very low dose in this area
was sufficient to induce an average drop in mean blood pres-
sure [126]. Intracerebroventricular injection (ICV) of ghrelin
(1-5 nM) decreased mean arterial pressure in rabbits [151].

Taken together, these results suggest that ghrelin binds to
GHSR-1A and can act as vasodilator via both NO-dependent
and NO-independent pathways.

Ghrelin and coronary artery disease, atherosclerosis

Several studies support the notion that high ghrelin is linked to
reduced early atherosclerosis [156—159]. However, relation-
ship between ghrelin concentration and intima-media thick-
ness (IMT) in coronary atherosclerosis human patients
showed conflicting results [156—158, 160, 161]. The positive
association between carotid IMT and plasma ghrelin levels
was also reported [160, 161]. In a long-time follow-up study
spanning 19 years involving over 1000 individuals from
Finland, a high plasma ghrelin level was shown to protect
against coronary heart disease [162].
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Ghrelin to GHSR-1A binding was found to be upregulated
up to 3- to 4-fold in coronary arteries and saphenous vein
grafts of atherosclerotic rat model [163]. Ghrelin controls ath-
erosclerotic pathogenesis, attenuating inflammation, endothe-
lial dysfunction, and endoplasmic reticulum stress [164], and
increases NO bioactivity and eNOS levels [123, 155]. In ad-
dition, ghrelin reduces inflammatory cell activation on the
endothelial by NF-kB, CD40, vascular cell adhesion molecule
1 (VCAM-1), and intracellular adhesion molecule-1 (ICAM-
1) in mice [165—-168]. Moreover, ghrelin receptor deficiency
has been found to aggravate atherosclerotic plaque instability
and worsen vascular inflammation, suggesting a possible pro-
tective mechanism for ghrelin against atherosclerosis and its
complications.

In contrast, different age and grade of atherosclerosis in the
patients of these studies may explain discordant findings. In
renal transplant patients, elderly hypertensive patients and pa-
tients with metabolic syndrome, both acyl-ghrelin and des-
acyl ghrelin were found to be negatively correlated with
IMT [157-169]. Reduced plasma ghrelin levels were closely
related to angiographically detect complex lesion morphology
in patients with coronary artery disease [159]. Another study
revealed high plasma ghrelin concentrations to be significant-
ly correlated with increased carotid artery IMT in middle-aged
(4060 years) males [160]. These contradictory findings mud-
dled the hypothesis and led to questions about whether the
positive changes by ghrelin in atherosclerosis are multidimen-
sional and case based.

Ghrelin promotes angiogenesis

Angiogenic properties of ghrelin in ischemic tissue are well
established in multiple studies [151, 170—173]. Ghrelin signif-
icantly induce vascular endothelial growth factor (VEGF) ex-
pression in the peri-infarct zone compared with the control
group [171]. This pro-angiogenic property was regulated by
GHSR1A-mediated AMPK/eNOS pathway and upregulating
of HIF1«, VEGF, and its receptors Flk-1, Flt-1 expressions
[172]. Knockdown of GHSR-1A by siRNA markedly de-
creased VEGF along with Akt and AMPK mRNA expression.
In conclusion, GHSR-1A gene therapy improves cardiac re-
modelling and function in rats after MI. This may be a new
anti-remodelling target in MI patients [15]. Activation of pro-
angiogenic and anti-fibrotic microRNAs (miRs) are key cel-
lular pathways underpinning the protective effect of ghrelin.
miR-126, expressed in endothelial cells, accelerates angiogen-
esis by increasing ERK as well as PI3K/Akt/VEGF signalling
pathway, inhibiting Sprouty-related protein (SPRED1) [174,
175]. Enhanced VEGF activity leads to activation of miR-132,
ultimately leading to Ras activation, and promotes neovascu-
larisation [176]. Selective inhibition of pro-angiogenic miRs
in vitro implicates miR-126 as a possible upstream modulator

for miR-132, although future in vivo knockdown studies are
needed to confirm this notion [173].

In contrast, several reports have refuted the angiogenic ef-
fects of ghrelin in diabetic or diet-induced obese mice
[177-179]. miR quantitative analyses have been showed no
activation of proangiogenic miR-132 in the saline-treated
mice, whereas miR-132 induces the phosphorylation of
CREB through inhibition of anti-angiogenic
p120RasGTPase-activating protein [180—182]. In addition,
ghrelin also inhibited the activation of anti-angiogenic miR-
206 and miR-92a. miR-206 demonstrated negative regulation
of angiogenesis via direct inhibition of VEGF [183], while
miR-92a, another endothelial cell-specific miRNA, negatively
regulates integrin, «5, which is essential for the activation of
Akt [184]. These contradictory results indicate ghrelin-
mediated angiogenesis may be multifactorial in obese mice
and depends on other metabolic actions too.

Ghrelin in pathophysiology of chronic heart failure

Chronic heart failure (CHF) is the final outcome of most
cardiovascular diseases and major cause of death in CVD
patients [185, 186]. Ghrelin has been reported to effectively
improve cardiac performance under different pathological
conditions of CVD [187, 188]. In CHF-prone patients, short-
term intravenous ghrelin infusion increased mean arterial
pressure without affecting heart rate [189]. Endogenous
ghrelin was attenuated in atria and ventricles of humans
with CHF, while GHSR-1A mRNA was increased, possibly
because of compensatory mechanism of adaptation [38].
Consistent with other results described before, ghrelin
restores cardiac function and appetite in patients with end-
stage CHF and cardiac cachexia [190], possibly as beneficial
response to the anabolic-catabolic imbalance [95, 191]. Active
exogenous ghrelin administration stimulates fatty acid
oxidation and inhibits glucose oxidation, thereby revering
the altered energy substrate utilization observed with pacing-
induced heart failure in animal models [192], and significantly
decreases systemic vascular resistance and increases the
cardiac output and stroke volume in patients [149, 193].
Chronic ghrelin administration decreased plasma catechol-
amine levels that regulate sympathetic nervous control of
the heart [56], improved ejection fraction in the left
ventricle from 27 to 31% very fast, and increased the peak
workload, oxygen consumption during exercise in CHF pa-
tients [47].

However, these beneficial effects need much larger-scale
controlled clinical trials to evaluate role of acyl and des-acyl
ghrelin on CHF. If long-term and/or short-term administration
of ghrelin proves feasible and significantly effective compared
with placebo, this hormone might offer a new miraculous
option for the difficult treatment of CHF.
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Mechanism of actions

We discussed differential cardioprotective roles of ghrelin and
promoted a potential therapeutic role of ghrelin in cardiovas-
cular disease. Now, question is how ghrelin exerts such ben-
eficial effects during efficient types of cardiac-patho-physiol-
ogy? We shall discuss some of the basic mechanism of actions
for evidences of ghrelin-mediated cardioprotection with sche-
matic diagram (Fig. 3).

Autophagy

Cardiomyocytes critically regulate its own protein synthesis,
processing, and elimination (proteostasis) for maintaining ho-
meostasis due to their limited ability to divide, and autophagy
plays a pivotal role to regulate proteostasis of cardiac cells
[194, 195]. Cardioprotection of ghrelin is associated with en-
hanced autophagy and removal of dysfunctional mitochondria
after MI and calcification attenuation in vascular calcification
model [59, 194, 196]. Pharmacological stimulation of autoph-
agy with rapamycin (an mTOR inhibitor) during myocardial
ischemia protects against post-infarction pathophysiological

remodelling [197]. There are several evidences that inhibition
of GOAT (ghrelin forming enzyme) attenuates lipotoxicity by
restoration of autophagy. This in turn stimulates restoration of
AMPK-mTOR or inhibition of nuclear factor-k3 in NAFLD
and other disease models [198-200]. Interestingly, IP injec-
tion of desacyl ghrelin in obese, db/db T2DM mice protects
against diabetic cardiomyopathy by enhancing autophagy via
the pro-survival AMPK and ERK1/2 pathways [80].
Similarly, chronic IP administration of exogenous ghrelin im-
proves autophagy in vascular smooth muscle cells from rats
with vascular calcification in an AMPK-dependent manner
[196]. Nutrient depletion due to fasting, during the ischemic
phase activates AMPK, which in turn, inhibits mTOR, the
major inhibitor of autophagy in obese mice [201]. Starvation
leads to ghrelin over expression [202] and repetitive starvation
during hypoxic heart injury, autophagy-lysosome machinery
by inducing nuclear translocation of transcription factor EB
(TFEB) [197]. During acute cardiac ischemia, mostly, desacyl
ghrelin markedly attenuates infarct size, in part, by stimulating
autophagy to remove dysfunctional mitochondria after MI and
via the pro-survival cellular AMPK/ERK1/2 signalling path-
way mice models of diabetic cardiomyopathy [59, 80].

Prosurvival pathways activated by ghrelin in cardiomyocytes
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Fig. 3 Mechanisms of actions (MOA) of ghrelin and/or desacyl-ghrelin
on a cardiomyocyte. Autophagic, ionotropic, and anti-apoptotic pathways
and their regulation are mentioned here. Plus sign (+) signifies upregula-
tion and negative sign (—) signifies downregulation of the particular path-
way with arrowheads. AG, acyl-ghrelin; DAG, desacyl-ghrelin(in yellow
oval shape); GHSR-1, ghrelin receptor-1; CD36, cluster of
differentiation-36; Gq, Gq protein alpha subunit; PLC, phospholipase-
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Ghrelin and some GHS treatment significantly attenuated
CoCl(2)-induced hypoxic injury in H9¢c2 cells by increasing
cell autophagy that in turn leads to better survival of cells
through ROS inhibition, mTOR induction, and AMPK stim-
ulation [76, 203, 204]. Ghrelin stimulated expression of genes
including Beclinl, Atgl2, Mapl1LC3A, and LC3 that trig-
gered removal of dysfunctional mitochondria [59, 80] and
finally activated cardiomyocyte AMPK [205], a pivotal regu-
lator of cardiac autophagy [206].

lonotropic action

Several in vivo and in vitro studies have suggested ghrelin as
inotropic regulators in cardiomyocytes [207-209].
Cardiomyocytes express at least two subfamilies of functional
K. channels [210-212]. The main current responsible for
action potential duration is Ca®*-independent transient out-
ward K* current (/,,) [213, 214] and this Ca*" influx through
L-type Ca’*channel opening/closing affects myocardial con-
tractility [214]. Synthetic GHSs increased Ca®*influx via
voltage-gated Ca®*channels in cultured neonatal as well as
adult rat cardiomyocytes [215]. Similarly, ghrelin-stimulated
Ca”* influx leads to direct increase in Ca®* channel conduc-
tance and/or decrease in K*channel conductance has been
decreased, resulting to prolonged depolarization [216].
However, it is difficult to establish whether this ionotropic
regulation is directly involved in enhancement of cardiac out-
put or not [43, 149]. Scientists’ hypothesised ghrelin has neg-
ative inotropic and lusitropic effects via GHSR-1A but limited
in right ventricle in vivo [216, 217]. It increased the amplitude
of L-type Ca”" transients and ICa, and L which trigger Ca**-
dependent cellular processes that are abrogated by GHSR-1A
blocking [218]. Ghrelin can regulate sarcoplasmic reticulum
(SR) Ca’* ATPase (SERCA2a); in turn, it induces calcium
reuptake into the SR to increase cardiac relaxation [219].
Pretreatment with combination of apamin + ChTX, and K,
channels blocker significantly attenuated the negative inotro-
pic effect of ghrelin, both in normal and/or hypertrophic myo-
cardium [216]. Ghrelin and hexarelin induced a transient in-
crease followed by a reduction of contractile force and isolated
ventricular myocyte shortening, Ca®* transients and Ica in
papillary myocytes in vitro [220]. This negative inotropic ef-
fect of hexarelin [221] was reduced by blocking nitric oxide
(NO) synthesis [208, 222]. In contrast, hexarelin did not show
any significant effect on calcium transients and L-type Ca**
current (Ic,), in isolated ventricular cells [134, 209]. Taken
together, these findings indicate that the effects of hexarelin
may act via nitric oxide (NO) release and prostacyclin (PGI2)
from the endocardial endothelium, rather than direct effects on
cardiomyocytes [209]. Infusion of ghrelin was also attenuated
by inhibition of K., channels, suggesting that these channels
may play critical role in ghrelin-induced vasodilation [223].
All these data provide further support that cardioprotection by

ghrelin is mediated via inotropic effect and reinforcing the
importance of /., and K.

Anti-apoptotic pathways

Cardiomyocyte apoptosis is another major hallmark of
cardiac diseases. The anti-apoptotic effects of acyl and
des-acyl ghrelin have been confirmed in H9c2
cardiomyocytes and line HL-1 cell line through MAPK-
and PI3K/Akt-dependent pro-surviving pathways via un-
known n on-GHSR-1A receptor [29, 75, 224, 225]. Acyl-
ghrelin prevents doxorubicin-induced cardiac intrinsic cell
death by restoring IL-6/JAK2/STATS3 signalling and inhi-
bition of STAT1 and/or by activating anti-oxidant en-
zymes superoxide dismutase and catalase [226, 227].
Ghrelin preserve mitochondrial membrane potential and
energy metabolism. Furthermore, it upregulates anti-
apoptotic proteins such as bcl-2 and inhibits cytC and
the activation of the NF-kB pathway [227, 228]. Ang II-
induced apoptosis of H9c2 cells is attenuated by regulat-
ing ER stress pathway [229], exerting a cardioprotective
role against Ang Il-induced cardiomyocytes apoptosis
[230]. Obestatin, ghrelin gene-derived peptide, has also
been reported to be anti-apoptotic in several cell types,
including cardiomyocytes by PKC, PI3K, and/or
ERK1/2 cascade, but mechanism of action is still a matter
of conjecture [231]. Other than these pathways, ghrelin
can also target miR-208, a crucial cardiac miRNA in-
volved in the regulation of apoptosis [232].

Anti-inflammatory pathway

Ghrelin also exerts potent anti-inflammatory effects. T lym-
phocytes express both ghrelin and GHSR-1A, while ghrelin
secretion is increased upon T cell activation; it exerts its effect
by inhibiting IL-1(3, IL-6, and TNF-« release in T cells and
monocytes [233]; NF-kB, CD40, VCAM-1, and ICAM-1 is
reduced in mice endothelial cells of blood vessels [165—-168].
Interestingly, ghrelin can also counteract cytokine-induced
apoptosis [60]. Same anti-inflammatory effect has been ob-
served in endothelial cells through reducing NF-kf3 activation
by ghrelin and decreases inflammatory cytokines in response
to endotoxin [168]. Ghrelin levels significantly decreased dur-
ing sepsis, while exogenous administration in a rat model
reduced organ injury by attenuating inflammation [70].

Autonomic nervous system regulation

Physiologically, ghrelin is permeable to blood-brain barrier
(BBB) [234], acyl-ghrelin mainly can move brain-to-blood
direction, and des-acyl ghrelin enters the brain by non-
saturable transmembrane diffusion [235]. ICV microinjection
of 1 nmol dose attenuated arterial pressure and heart rate as
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sympatho-inhibitory response [151] in rabbits. Similarly, mi-
croinjections of ghrelin (20 pmol) into the nucleus of the sol-
itary tract in anaesthetised rats (NTS) decreased arterial blood
pressure and renal sympathetic nerve activity [129, 236]. Des-
acylated ghrelin acts via non-GHSR-1A receptor in bulbar
nucleus of the brain [236]. Exogenous treatment of [D-Lys-
3]-GHRP-6, a GHS-R1A antagonist inhibited by - and 31-
adrenoreceptor-mediated attenuation [237]. Ghrelin-mediated
regulation of sympathetic nervous system, in turn, modulates
vascular tone.

Vagal afferent nerve terminals are present in the heart and
locally produced ghrelin can send signals to the NTS [44, 50].
Peripheral administered ghrelin suppresses LF/HF ratio and
cardiac sympathetic nerve activity (CSNA) in animal model
of MI [44, 51, 52]. MI induces CSNA, which had been
prevented and decreased to pre-MI level when treated with
ghrelin (150 pg/kg, sc) in rat [51]. Using a microdialysis tech-
nique, Shimizu et al. [238] demonstrated more directly that
centrally administered ghrelin activated cardiac vagal nerve in
anaesthetised rabbits. In ghrelin-KO mice, CSNA is disrupted,
leading to arrhythmias after MI [50]. In addition, ghrelin can
also modulate para-sympathetic nerve activity [71] as ghrelin
administration at lateral cerebral ventricle did not alter dialy-
sate norepinephrine concentrations but significantly increased
dialysate acetylcholine concentrations [238]. Thus, ghrelin
can inhibit excessive activation of CSNA, and in turn, activate
cardiac parasympathetic activity to control heart (Fig. 4).

Fig. 4 Autonomic nervous
control of the heart regulated by
ghrelin. Schematic diagram
showing cardiac vagal afferent

DAG can cross BBB

Age-related decline of ghrelin and association
of cardiac complications

Most of the cohort studies revealed a reduction in circulating
ghrelin in age-dependant manner [239-241]. Studies revealed
significantly low circulating acyl-ghrelin levels and growth
hormone secretion in the elderly [242, 243] although some
showed no difference in ghrelin levels between young and
elderly females [244]. Decline in ghrelin levels in elderly peo-
ple aged 67-91 years during fasting, relative to young controls
aged 27-39 years, has been reported [243]. Circulating des-
acyl ghrelin even improves prediction of cardiovascular dis-
ease in older hypertensive patients [245]. There is a significant
negative correlation between three points, the mean fasting
plasma ghrelin concentrations, BMI, and serum insulin levels
in all groups of subjects [243]. However, the reduction in
ghrelin levels was found to be independent of the differences
in body composition or insulin resistance in this study [240].

Decline in gastric ghrelin mRNA levels in 19-month-old
mice was observed than that of young ones [246].
Furthermore, fasting-induced increases in ghrelin were less
robust in ageing comparable between 4 and 25 months of
age [247]. In contrast, animal model studies in both Wistar
and Lou C/Jall rats showed significant increase in ghrelin
levels with ageing [248]. Similar increases in both total and
active acyl-ghrelin were detected in C57BL/6J mice [249,
250]. Even Liu et al. [246] found no correlation between total
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ghrelin and the age of C57BL/6 mice up to 6 months old.
Increased ghrelin signalling promotes survival in mouse
models of human ageing through activation of sirtuinl
[251]. Increased levels of plasma ghrelin have been proposed
to be attributed to the decline of its receptor (and/or post-re-
ceptor) functions in senescent animals [250].

As we know, there are direct evidences of increased risk of
different cardiovascular diseases in aged population [252].
More studies should be done if there is any direct effect of
ghrelin- and age-dependant cardiovascular complications.

Clinical studies substantiate ghrelin
to combat heart failure

The various experimental studies on cardiovascular effects of
GHS and mode of actions have been described above in differ-
ent headings to evaluate their potential role in the treatment of
heart failure. However, very limited number of published data
on human clinical trials is present till date. Infusion of ghrelin in
low dose (0.1 pg/kg/min) for a short duration of 60 min in 12
CHF patients significantly increased mean arterial pressure,
cardiac index, and stroke volume index without altering heart
rate [189]. In another study, 10 patients with congestive heart
failure were treated with ghrelin intravenously for 3 weeks, and
LVEF and LV mass were significantly increased but LV end-
systolic volume was decreased [47]. In addition, ghrelin treat-
ment also helped to increase peak workload as well as peak
oxygen consumption during extensive exercise, indicating im-
provement in systolic function and exercise capacity [47].
Recently, Sullivan et al. [253] described role of ghrelin/
GHSR system before and after heart transplantation in human.
Cardiac tissues were obtained from 10 patients undergoing car-
diac transplant at the time of organ harvesting; GHSR and
ghrelin both were strongly positively correlated in diseased
heart, and both markers were negatively correlated with left
ventricular ejection fraction [253]. In a randomized,
doubleblind, and placebo-controlled crossover study, physio-
logical increments of ghrelin concentration significantly in-
crease left ventricular myocardial systolic velocity and
endothelium-dependent vasodilatation in humans [41]. A large
ghrelin bolus significantly increased stroke volume and de-
creased systemic vascular resistance and mean arterial pressure
(MAP) in healthy volunteers [254], but in another study, a
similar dose of ghrelin increased LVEF without change in
MAP [193]. Not only in healthy volunteers, even in a pilot
study with 62 patients of heart failure seems to be better with
preserved ejection fraction with ghrelin treatment [255]. Higher
and repeat dose infusions of ghrelin significantly decreased
pulmonary capillary pressure along with mean arterial pressure
and vascular resistance. Whereas, in same study, cardiac index,
LVEF, and stroke volume have been increased significantly;
these changes were associated with improved exercise capacity

[47, 189]. In healthy men, intra-arterial ghrelin infusion leads to
increased forearm vasodilation, independent of nitric oxide
[152], and increase endothelium-dependent vasodilator re-
sponses in patients with metabolic disorders [123] by increasing
availability of nitric oxide [256]. Randomized, blinded, and
placebo-controlled unacylated ghrelin infusion protects endo-
thelial cells and promotes for vascular remodelling in patients
with type 2 diabetes mellitus [257]. But more long-term, mul-
tifactorial placebo-controlled human trials are required to estab-
lish therapeutic potential of ghrelin in CVD.

Conclusion and future direction

Ghrelin and its multiple physiological functions represent one
of the extraordinary recent discoveries, initially concerning the
energy balance regulation, but more recently, its
cardioprotective effects are cropping up. Ghrelin and its recep-
tors are widely distributed in cardiomyocytes as well as in
blood vessels, including endothelial cells. Here, in this review,
we tried to present a large body of recent homogeneous litera-
ture that demonstrated association of ghrelin with cardiovascu-
lar system along with its mechanism of actions. This miracu-
lous peptide exerts cardioprotective effects, protection from
ischemia/reperfusion injury, cardiac cachexia, cardiac hypertro-
phy and fibrosis, attenuation of left ventricular remodelling
following myocardial infarction, improvement of left ventricu-
lar function, and cardiac capacity in patients with chronic heart
failure. At the level of vasculature, it also plays a pivotal role on
endothelial function, in particular, anti-oxidant, anti-inflamma-
tory, and anti-apoptotic effects by improving NO availability
and restoring the endothelin-1/nitric oxide imbalance. At higher
doses, it also decreases blood pressure, by modulating sympa-
thetic nervous system. In particular, these beneficial cardiac
effects and vascular protection indicate that ghrelin is a potent
candidate for the treatment of congestive heart failure and
should be explored more for human welfare. Synthetic ghrelin
that mimic the ghrelin-related effects and can target its receptors
is well established and used in metabolic disorders and obesity
treatment. But this peptide can act as GH-independent pathway
too in cardiomyocytes and that is much neglected in science till
date. Therefore, more studies are encouraged to use ghrelin as a
potent CVD drug from bench to bedside.

Authors’ contribution SG conceived the idea and prepared the manu-
script as well as the figures. AM edited the draft manuscript and checked
and arranged the references. Both the authors approved the final version
of the manuscript.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

@ Springer



Heart Fail Rev

References

10.

15.

16.

17.

Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H, Kangawa
K (1999) Ghrelin is a growth-hormone-releasing acylated peptide
from stomach. Nature 402:656—-660

Date Y, Kojima M, Hosoda H, Sawaguchi A, Mondal MS,
Suganuma T, Matsukura S, Kangawa K, Nakazato M (2000)
Ghrelin, a novel growth hormone-releasing acylated peptide, is
synthesized in a distinct endocrine cell type in the gastrointestinal
tracts of rats and humans. Endocrinology 141:4255-4261
Ghelardoni S, Camnicelli V, Frascarelli S, Ronca-Testoni S, Zucchi
R (2006) Ghrelin tissue distribution: comparison between gene
and protein expression. J Endocrinol Investig 29:115-121
Tokudome T, Otani K, Miyazato M, Kangawa K (2019) Ghrelin
and the heart. Peptides 111:42-46

Muller TD, Nogueiras R, Andermann ML, Andrews ZB, Anker
SD, Argente J, Batterham RL, Benoit SC, Bowers CY, Broglio F,
Casanueva FF, DAlessio D, Depoortere I, Geliebter A, Ghigo E,
Cole PA, Cowley M, Cummings DE, Dagher A, Diano S et al
(2015) Ghrelin. Mol Metab 4:437-460

Yang J, Brown MS, Liang G, Grishin NV, Goldstein JL (2008)
Identification of the acyltransferase that octanoylates ghrelin, an
appetite-stimulating peptide hormone. Cell 132:387-396
Murtuza MI, Isokawa M (2018) Endogenous ghrelin-O-
acyltransferase (GOAT) acylates local ghrelin in the hippocam-
pus. J Neurochem 144:58-67

Davenport AP, Bonner TI, Foord SM, Harmar AJ, Neubig RR,
Pin JP, Spedding M, Kojima M, Kangawa K (2005) International
Union of Pharmacology. LVI. Ghrelin receptor nomenclature, dis-
tribution, and function. Pharmacol Rev 57:541-546

Ikenoya C, Takemi S, Kaminoda A, Aizawa S, Ojima S, Gong Z,
Chacrabati R, Kondo D, Wada R, Tanaka T, Tsuda S, Sakai T,
Sakata I (2018) (3-Oxidation in ghrelin-producing cells is impor-
tant for ghrelin acyl-modification. Sci Rep 8:9176

Rusu CC, Racasan S, Moldovan D, Potra A, Tirinescu D, Budurea
C, Orasan R, Patiu IM, Bondor C, Vladutiu D, Delean D, Danu A,
Kacso IM (2018) Ghrelin and acyl ghrelin levels are associated
with inflammatory and nutritional markers and with cardiac and
vascular dysfunction parameters in hemodialysis patients. Int Urol
Nephrol 50:1897-1906

Andrews ZB (2019) The next big LEAP2 understanding ghrelin
function. J Clin Invest 129:3542-3544

Ogawa T, de Bold AJ (2014) The heart as an endocrine organ.
Endocr Connect 3:31-44

Glembotski CC (2011) Functions for the cardiomyokine, MANF,
in cardioprotection, hypertrophy and heart failure. J Mol Cell
Cardiol 51:512-517

Sullivan R, McGirr R, Hu S, Tan A, Wu D, Charron C, Lalonde T,
Arany E, Chakrabarti S, Luyt L, Dhanvantari S (2018) Changes in
the cardiac GHSR1a-ghrelin system correlate with myocardial
dysfunction in diabetic cardiomyopathy in mice. J Endocr Soc 2:
178-189

Yuan MJ, Wang T, Kong B, Wang X, Huang CX, Wang D (2016)
GHSR-1a is a novel pro-angiogenic and anti-remodeling target in
rats after myocardial infarction. Eur J Pharmacol 788:218-225
Celik O, Celik N, Aydin S, Aygun BK, Haberal ET, Kuloglu T,
Ulas M, Aktun LH, Acet M, Celik S (2016) Ghrelin action on
GnRH neurons and pituitary gonadotropes might be mediated by
GnlH-GPR147 system. Horm Mol Biol Clin Investig, vol 25:121—
128

Thompson NM, Gill DA, Davies R, Loveridge N, Houston PA,
Robinson IC, Wells T (2004) Ghrelin and des-octanoyl ghrelin
promote adipogenesis directly in vivo by a mechanism indepen-
dent of the type la growth hormone secretagogue receptor.
Endocrinology 145:234-242

@ Springer

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Lilleness BM, Frishman WH (2016) Ghrelin and the cardiovascu-
lar system. Cardiol Rev 24:288-297

Seim I, Jeffery PL, Thomas PB, Walpole CM, Maugham M, Fung
JN, Yap PY, OKeeffe AJ, Lai J, Whiteside EJ, Herington AC,
Chopin LK (2016) Multi-species sequence comparison reveals
conservation of ghrelin gene-derived splice variants encoding a
truncated ghrelin peptide. Endocrine 52:609-617

Delporte C (2013) Structure and physiological actions of ghrelin.
Scientifica (Cairo) 2013:518909

Zhu X, Cao Y, Voogd K, Voodg K, Steiner DF (2006) On the
processing of proghrelin to ghrelin. J Biol Chem 281:38867—
38870

Gutierrez JA, Solenberg PJ, Perkins DR, Willency JA, Knierman
MD, Jin Z, Witcher DR, Luo S, Onyia JE, Hale JE (2008) Ghrelin
octanoylation mediated by an orphan lipid transferase. Proc Natl
Acad Sci U S A 105:6320-6325

Delhanty PJ, Neggers SJ, van der Lely AJ (2013) Des-acyl ghrel-
in: a metabolically active peptide. Endocr Dev 25:112-121
Hosoda H, Kojima M, Mizushima T, Shimizu S, Kangawa K
(2003) Structural divergence of human ghrelin. Identification of
multiple ghrelin-derived molecules produced by post-translational
processing. J Biol Chem 278:64-70

Howard AD, Feighner SD, Cully DF, Arena JP, Liberator PA,
Rosenblum CI, Hamelin M, Hreniuk DL, Palyha OC, Anderson
J, Paress PS, Diaz C, Chou M, Liu KK, McKee KK, Pong SS,
Chaung LY, Elbrecht A, Dashkevicz M, Heavens R et al (1996) A
receptor in pituitary and hypothalamus that functions in growth
hormone release. Science 273:974-977

Wierup N, Sundler F, Heller RS (2014) The islet ghrelin cell. J
Mol Endocrinol 52:35-49

Camina JP (2006) Cell biology of the ghrelin receptor. J
Neuroendocrinol 18:65-76

Callaghan B, Furness JB (2014) Novel and conventional receptors
for ghrelin, desacyl-ghrelin, and pharmacologically related com-
pounds. Pharmacol Rev 66:984-1001

Baldanzi G, Filigheddu N, Cutrupi S, Catapano F, Bonissoni S,
Fubini A, Malan D, Baj G, Granata R, Broglio F, Papotti M,
Surico N, Bussolino F, Isgaard J, Deghenghi R, Sinigaglia F,
Prat M, Muccioli G, Ghigo E, Graziani A (2002) Ghrelin and
des-acyl ghrelin inhibit cell death in cardiomyocytes and endothe-
lial cells through ERK1/2 and PI 3-kinase/AKT. J Cell Biol 159:
1029-1037

Gnanapavan S, Kola B, Bustin SA, Morris DG, McGee P,
Fairclough P, Bhattacharya S, Carpenter R, Grossman AB,
Korbonits M (2002) The tissue distribution of the mRNA of ghrel-
in and subtypes of its receptor, GHS-R, in humans. J Clin
Endocrinol Metab 87:2988

Leung PK, Chow KB, Lau PN, Chu KM, Chan CB, Cheng CH,
Wise H (2007) The truncated ghrelin receptor polypeptide (GHS-
R1b) acts as a dominant-negative mutant of the ghrelin receptor.
Cell Signal 19:1011-1022

Bednarek MA, Feighner SD, Pong SS, McKee KK, Hreniuk DL,
Silva MV, Warren VA, Howard AD, Van Der Ploeg LH, Heck JV
(2000) Structure-function studies on the new growth hormone-
releasing peptide, ghrelin: minimal sequence of ghrelin necessary
for activation of growth hormone secretagogue receptor 1a. ] Med
Chem 43:4370-4376

Toshinai K, Yamaguchi H, Sun Y, Smith RG, Yamanaka A,
Sakurai T, Date Y, Mondal MS, Shimbara T, Kawagoe T,
Murakami N, Miyazato M, Kangawa K, Nakazato M (2006)
Des-acyl ghrelin induces food intake by a mechanism independent
of the growth hormone secretagogue receptor. Endocrinology
147:2306-2314

Bodart V, Bouchard JF, McNicoll N, Escher E, Carriere P, Ghigo
E, Sejlitz T, Sirois MG, Lamontagne D, Ong H (1999)



Heart Fail Rev

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Identification and characterization of a new growth hormone-
releasing peptide receptor in the heart. Circ Res 85:796-802
Muccioli G, Broglio F, Valetto MR, Ghe C, Catapano F, Graziani
A, Papotti M, Bisi G, Deghenghi R, Ghigo E (2000) Growth
hormone-releasing peptides and the cardiovascular system. Ann
Endocrinol (Paris) 61:27-31

Papotti M, Ghe C, Cassoni P, Catapano F, Deghenghi R, Ghigo E,
Muccioli G (2000) Growth hormone secretagogue binding sites in
peripheral human tissues. J Clin Endocrinol Metab 85:3803-3807
Cao JM, Ong H, Chen C (2006) Effects of ghrelin and synthetic
GH secretagogues on the cardiovascular system. Trends
Endocrinol Metab 17:13-18

Beiras-Fernandez A, Kreth S, Weis F, Ledderose C, Péttinger T,
Dieguez C, Beiras A, Reichart B (2010) Altered myocardial ex-
pression of ghrelin and its receptor (GHSR-1a) in patients with
severe heart failure. Peptides 31:2222-2228

Lacerda-Miranda G, Soares VM, Vieira AK, Lessa JG,
Rodrigues-Cunha AC, Cortez E, Garcia-Souza EP, Moura AS
(2012) Ghrelin signaling in heart remodeling of adult obese mice.
Peptides 35:65-73

Kleinz MJ, Maguire JJ, Skepper JN, Davenport AP (2006)
Functional and immunocytochemical evidence for a role of ghrel-
in and des-octanoyl ghrelin in the regulation of vascular tone in
man. Cardiovasc Res 69:227-235

Vestergaard ET, Andersen NH, Hansen TK, Rasmussen LM,
Moller N, Sorensen KE, Sloth E, Jorgensen JO (2007)
Cardiovascular effects of intravenous ghrelin infusion in healthy
young men. Am J Physiol Heart Circ Physiol 293:H3020-H3026
Freeman JN, do Carmo JM, Adi AH, da Silva AA (2013) Chronic
central ghrelin infusion reduces blood pressure and heart rate de-
spite increasing appetite and promoting weight gain in normoten-
sive and hypertensive rats. Peptides 42:35-42

Nagaya N, Uematsu M, Kojima M, Ikeda Y, Yoshihara F,
Shimizu W, Hosoda H, Hirota Y, Ishida H, Mori H, Kangawa K
(2001) Chronic administration of ghrelin improves left ventricular
dysfunction and attenuates development of cardiac cachexia in
rats with heart failure. Circulation 104:1430-1435

Soeki T, Kishimoto I, Schwenke DO, Tokudome T, Horio T,
Yoshida M, Hosoda H, Kangawa K (2008) Ghrelin suppresses
cardiac sympathetic activity and prevents early left ventricular
remodeling in rats with myocardial infarction. Am J Physiol
Heart Circ Physiol 294:H426-H432

Chang L, Ren Y, Liu X, Li WG, Yang J, Geng B, Weintraub NL,
Tang C (2004) Protective effects of ghrelin on ischemia/
reperfusion injury in the isolated rat heart. J] Cardiovasc
Pharmacol 43:165-170

Khatib MN, Shankar A, Kirubakaran R, Agho K, Simkhada P,
Gaidhane S, Saxena DUB, Gode D, Gaidhane A, Zahiruddin SQ
(2015) Effect of ghrelin on mortality and cardiovascular outcomes
in experimental rat and mice models of heart failure: a systematic
review and meta-analysis. PLoS One 10:¢0126697

Nagaya N, Moriya J, Yasumura Y, Uematsu M, Ono F, Shimizu
W, Ueno K, Kitakaze M, Miyatake K, Kangawa K (2004) Effects
of ghrelin administration on left ventricular function, exercise ca-
pacity, and muscle wasting in patients with chronic heart failure.
Circulation 110:3674-3679

Lu L, Liu M, Sun R, Zheng Y, Zhang P (2015) Myocardial in-
farction: symptoms and treatments. Cell Biochem Biophys 72:
865-867

Eid RA, Zaki MSA, Al-Shraim M, Eleawa SM, El-Kott AF, Al-
Hashem FH, Eldeen MA, Ibrahim H, Aldera H, Alkhateeb MA
(2018) Subacute ghrelin administration inhibits apoptosis and im-
proves ultrastructural abnormalities in remote myocardium post-
myocardial infarction. Biomed Pharmacother 101:920-928

Mao Y, Tokudome T, Otani K, Kishimoto I, Nakanishi M,
Hosoda H, Miyazato M, Kangawa K (2012) Ghrelin prevents

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

incidence of malignant arrhythmia after acute myocardial infarc-
tion through vagal afferent nerves. Endocrinology 153:3426—
3434

Schwenke DO, Tokudome T, Kishimoto I, Horio T, Shirai M,
Cragg PA, Kangawa K (2008) Early ghrelin treatment after myo-
cardial infarction prevents an increase in cardiac sympathetic tone
and reduces mortality. Endocrinology 149:5172-5176

Schwenke DO, Tokudome T, Kishimoto I, Horio T, Cragg PA,
Shirai M, Kangawa K (2012) One dose of ghrelin prevents the
acute and sustained increase in cardiac sympathetic tone after
myocardial infarction. Endocrinology 153:2436-2443
Matsumoto M, Yasuda S, Miyazaki S, Kataoka Y, Hosoda H,
Nagaya N, Noguchi T, Morii I, Ogawa H, Kangawa K (2013)
Decreased serum ghrelin levels in patients with acute myocardial
infarction. Tohoku J Exp Med 231:235-242

Gruzdeva O, Uchasova E, Belik E, Dyleva Y, Shurygina E,
Barbarash O (2014) Lipid, adipokine and ghrelin levels in myo-
cardial infarction patients with insulin resistance. BMC
Cardiovasc Disord 14:7

Gruzdeva OV, Karetnikova VN, Akbasheva OE, Fedorova TS,
Belik EV, Palicheva EI, Uchasova EG, Dyleva IUA,
Brazovskaia NG, Barbarash OL (2013) Lipid, adipokine and
ghrelin concentrations in myocardial infarction patients with insu-
lin resistance. Vestn Akad Med Nauk SSSR:13-19

Mao Y, Tokudome T, Otani K, Kishimoto I, Miyazato M,
Kangawa K (2013) Excessive sympathoactivation and deteriorat-
ed heart function after myocardial infarction in male ghrelin
knockout mice. Endocrinology 154:1854—1863

Kondo H, Hojo Y, Takahashi N, Ikemoto T, Aoki H, Dezaki K,
Kario K, Katsuki T, Yada T, Shimada K (2010) Roles of ghrelin in
left-ventricular remodelling after acute myocardial infarction.
Heart Asia 2:1-4

Chang L, Zhao J, Li GZ, Geng B, Pan CS, Qi YF, Tang CS (2004)
Ghrelin protects myocardium from isoproterenol-induced injury
in rats. Acta Pharmacol Sin 25:1131-1137

Ruozi G, Bortolotti F, Falcione A, Dal Ferro M, Ukovich L,
Macedo A, Zentilin L, Filigheddu N, Gortan Cappellari G,
Baldini G, Zweyer M, Barazzoni R, Graziani A, Zacchigna S,
Giacca M (2015) AAV-mediated in vivo functional selection of
tissue-protective factors against ischaemia. Nat Commun 6:7388
Huang CX, Yuan MJ, Huang H, Wu G, Liu Y, Yu SB, Li HT,
Wang T (2009) Ghrelin inhibits post-infarct myocardial remodel-
ing and improves cardiac function through anti-inflammation ef-
fect. Peptides 30:2286-2291

Yang C, Liu J, Liu K, Du B, Shi K, Ding M, Li B, Yang P (2018)
Ghrelin suppresses cardiac fibrosis of post-myocardial infarction
heart failure rats by adjusting the activin A-follistatin imbalance.
Peptides 99:27-35

Wang Q, Sui X, Chen R, Ma PY, Teng YL, Ding T, Sui DJ, Yang
P (2018) Ghrelin ameliorates angiotensin II-induced myocardial
fibrosis by upregulating peroxisome proliferator-activated recep-
tor gamma in Young male rats. Biomed Res Int 2018:9897581
Eid RA, Alkhateeb MA, Eleawa S, Al-Hashem FH, Al-Shraim M,
El-Kott AF, Zaki MSA, Dallak MA, Aldera H (2018)
Cardioprotective effect of ghrelin against myocardial infarction-
induced left ventricular injury via inhibition of SOCS3 and acti-
vation of JAK2/STATS3 signaling. Basic Res Cardiol 113:13

Eid RA, Alkhateeb MA, Al-Shraim M, Eleawa SM, Shatoor AS,
El-Kott AF, Zaki MSA, Shatoor KA, Bin-Jaliah I, Al-Hashem FH
(2019) Ghrelin prevents cardiac cell apoptosis during cardiac re-
modelling post experimentally induced myocardial infarction in
rats via activation of Raf-MEK1/2-ERK1/2 signalling. Arch
Physiol Biochem 125:93-103

Wang Q, Lin P, Li P, Feng L, Ren Q, Xie X, XuJ (2017) Ghrelin
protects the heart against ischemia/reperfusion injury via

@ Springer



Heart Fail Rev

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

inhibition of TLR4/NLRP3 inflammasome pathway. Life Sci 186:
50-58

Eid RA, El-Kott AF, Zaki MSA, Eldeen MA, Al-Hashem FH,
Alkhateeb MA, Alassiri M, Aldera H (2018) Acylated ghrelin
protects aorta damage post-MI via activation of eNOS and inhibi-
tion of angiotensin-converting enzyme induced activation of
NAD(P)H-dependent oxidase. Ultrastruct Pathol 42:416-429
Heineke J, Molkentin JD (2006) Regulation of cardiac hypertro-
phy by intracellular signalling pathways. Nat Rev Mol Cell Biol 7:
589-600

Shimizu I, Minamino T (2016) Physiological and pathological
cardiac hypertrophy. J Mol Cell Cardiol 97:245-262

Nakamura M, Sadoshima J (2018) Mechanisms of physiological
and pathological cardiac hypertrophy. Nat Rev Cardiol 15:387—
407

Wu R, Chaung WW, Dong W, Ji Y, Barrera R, Nicastro J,
Molmenti EP, Coppa GF, Wang P (2012) Ghrelin maintains the
cardiovascular stability in severe sepsis. J Surg Res 178:370-377
Soeki T, Koshiba K, Niki T, Kusunose K, Yamaguchi K, Yamada
H, Wakatsuki T, Shimabukuro M, Minakuchi K, Kishimoto I,
Kangawa K, Sata M (2014) Effect of ghrelin on autonomic activ-
ity in healthy volunteers. Peptides 62:1-5

Cauley E, Wang X, Dyavanapalli J, Sun K, Garrott K, Kuzmiak-
Glancy S, Kay MW, Mendelowitz D (2015) Neurotransmission to
parasympathetic cardiac vagal neurons in the brain stem is altered
with left ventricular hypertrophy-induced heart failure. Am J
Physiol Heart Circ Physiol 309:H1281-H1287

Tokudome T, Kangawa K (2019) Physiological significance of
ghrelin in the cardiovascular system. Proc Jpn Acad, Ser B, Phys
Biol Sci 95:459-467

Fan D, Takawale A, Lee J, Kassiri Z (2012) Cardiac fibroblasts,
fibrosis and extracellular matrix remodeling in heart disease.
Fibrogenesis Tissue Repair 5:15

Pei XM, Yung BY, Yip SP, Ying M, Benzie IF, Siu PM (2014)
Desacyl ghrelin prevents doxorubicin-induced myocardial fibrosis
and apoptosis via the GHSR-independent pathway. Am J Physiol
Endocrinol Metab 306:E311-E323

Wang X, Wang XL, Chen HL, Wu D, Chen JX, Wang XX, LiRL,
He JH, Mo L, Cen X, Wei YQ, Jiang W (2014) Ghrelin inhibits
doxorubicin cardiotoxicity by inhibiting excessive autophagy
through AMPK and p38-MAPK. Biochem Pharmacol 88:334—
350

Nichtova Z, Novotova M, Kralova E, Stankovicova T (2012)
Morphological and functional characteristics of models of exper-
imental myocardial injury induced by isoproterenol. Gen Physiol
Biophys 31:141-151

LiL, Zhang LK, Pang YZ, Pan CS, Qi YF, Chen L, Wang X, Tang
CS, Zhang J (2006) Cardioprotective effects of ghrelin and des-
octanoyl ghrelin on myocardial injury induced by isoproterenol in
rats. Acta Pharmacol Sin 27:527-535

Xu X, Ding F, Pang J, Gao X, Xu RK, Hao W, Cao JM, Chen C
(2012) Chronic administration of hexarelin attenuates cardiac fi-
brosis in the spontaneously hypertensive rat. Am J Physiol Heart
Circ Physiol 303:H703-H711

Pei XM, Yung BY, Yip SP, Chan LW, Wong CS, Ying M, Siu
PM (2015) Protective effects of desacyl ghrelin on diabetic car-
diomyopathy. Acta Diabetol 52:293-306

Essick EE, Ouchi N, Wilson RM, Ohashi K, Ghobrial J, Shibata
R, Pimentel DR, Sam F (2011) Adiponectin mediates
cardioprotection in oxidative stress-induced cardiac myocyte re-
modeling. Am J Physiol Heart Circ Physiol 301:H984-H993
Shibata R, Ouchi N, Ito M, Kihara S, Shiojima I, Pimentel DR,
Kumada M, Sato K, Schiekofer S, Ohashi K, Funahashi T,
Colucci WS, Walsh K (2004) Adiponectin-mediated modulation
of hypertrophic signals in the heart. Nat Med 10:1384—1389

@ Springer

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

Evans WJ, Morley JE, Argilés J, Bales C, Baracos V, Guttridge D,
Jatoi A, Kalantar-Zadeh K, Lochs H, Mantovani G, Marks D,
Mitch WE, Muscaritoli M, Najand A, Ponikowski P, Rossi
Fanelli F, Schambelan M, Schols A, Schuster M, Thomas D
et al (2008) Cachexia: a new definition. Clin Nutr 27:793-799
Levine B, Kalman J, Mayer L, Fillit HM, Packer M (1990)
Elevated circulating levels of tumor necrosis factor in severe
chronic heart failure. N Engl ] Med 323:236-241

Dutka DP, Elborn JS, Delamere F, Shale DJ, Morris GK (1993)
Tumour necrosis factor alpha in severe congestive cardiac failure.
Br Heart J 70:141-143

Doehner W, Frenneaux M, Anker SD (2014) Metabolic impair-
ment in heart failure: the myocardial and systemic perspective. J
Am Coll Cardiol 64:1388-1400

Loncar G, Fiilster S, von Haehling S, Popovic V (2013)
Metabolism and the heart: an overview of muscle, fat, and bone
metabolism in heart failure. Int J Cardiol 162:77-85

Bozic B, Loncar G, Prodanovic N, Radojicic Z, Cvorovic V,
Dimkovic S, Popovic-Brkic V (2010) Relationship between high
circulating adiponectin with bone mineral density and bone me-
tabolism in elderly males with chronic heart failure. J Card Fail 16:
301-307

Brink M, Price SR, Chrast J, Bailey JL, Anwar A, Mitch WE,
Delafontaine P (2001) Angiotensin II induces skeletal muscle
wasting through enhanced protein degradation and down-
regulates autocrine insulin-like growth factor I. Endocrinology
142:1489-1496

Muccioli G, Tsch 6p M, Papotti M, Deghenghi R, Heiman M,
Ghigo E (2002) Neuroendocrine and peripheral activities of ghrel-
in: implications in metabolism and obesity. Eur J Pharmacol 440:
235-254

Schwartz GJ (2000) The role of gastrointestinal vagal afferents in
the control of food intake: current prospects. Nutrition 16:866—
873

Ueno H, Yamaguchi H, Kangawa K, Nakazato M (2005) Ghrelin:
a gastric peptide that regulates food intake and energy homeosta-
sis. Regul Pept 126:11-19

von Haehling S, Anker SD (2015) Treatment of cachexia: an
overview of recent developments. Int J Cardiol 184:736-742
Attanasio P, Anker SD, Doehner W, von Haehling S (2011)
Hormonal consequences and prognosis of chronic heart failure.
Curr Opin Endocrinol Diabetes Obes 18:224-230

Nagaya N, Uematsu M, Kojima M, Date Y, Nakazato M,
Okumura H, Hosoda H, Shimizu W, Yamagishi M, Oya H, Koh
H, Yutani C, Kangawa K (2001) Elevated circulating level of
ghrelin in cachexia associated with chronic heart failure: relation-
ships between ghrelin and anabolic/catabolic factors. Circulation
104:2034-2038

Nagaya N, Kangawa K (2003) Ghrelin improves left ventricular
dysfunction and cardiac cachexia in heart failure. Curr Opin
Pharmacol 3:146-151

Nagaya N, Kangawa K (2006) Therapeutic potential of ghrelin in
the treatment of heart failure. Drugs 66:439-448

Wren AM, Small CJ, Ward HL, Murphy KG, Dakin CL, Taheri S,
Kennedy AR, Roberts GH, Morgan DG, Ghatei MA, Bloom SR
(2000) The novel hypothalamic peptide ghrelin stimulates food
intake and growth hormone secretion. Endocrinology 141:4325—
4328

Nakazato M, Murakami N, Date Y, Kojima M, Matsuo H,
Kangawa K, Matsukura S (2001) A role for ghrelin in the central
regulation of feeding. Nature 409:194—198

Shintani M, Ogawa Y, Ebihara K, Aizawa-Abe M, Miyanaga F,
Takaya K, Hayashi T, Inoue G, Hosoda K, Kojima M, Kangawa
K, Nakao K (2001) Ghrelin, an endogenous growth hormone se-
cretagogue, is a novel orexigenic peptide that antagonizes leptin



Heart Fail Rev

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

action through the activation of hypothalamic neuropeptide Y/Y1
receptor pathway. Diabetes 50:227-232

Palus S, Schur R, Akashi YJ, Bockmeyer B, Datta R, Halem H,
Dong J, Culler MD, Adams V, Anker SD, Springer J (2011)
Ghrelin and its analogues, BIM-28131 and BIM-28125, improve
body weight and regulate the expression of MuRF-1 and MAFbx
in a rat heart failure model. PLoS One 6:¢26865

Lenk K, Palus S, Schur R, Datta R, Dong J, Culler MD, Anker S,
Springer J, Schuler G, Adams V (2013) Effect of ghrelin and its
analogues, BIM-28131 and BIM-28125, on the expression of
myostatin in a rat heart failure model. J Cachexia Sarcopenia
Muscle 4:63-69

Zhang X, Chen C (2012) A new insight of mechanisms, diagnosis
and treatment of diabetic cardiomyopathy. Endocrine 41:398-409
Shah S, Thakar CV (2019) Diabetes/kidney/heart disease. Cardiol
Clin 37:ix—x

Sezai A, Sekino H, Unosawa S, Taoka M, Osaka S, Tanaka M
(2019) Canagliflozin for Japanese patients with chronic heart fail-
ure and type II diabetes. Cardiovasc Diabetol 18:76

Dei Cas A, Spigoni V, Ridolfi V, Metra M (2013) Diabetes and
chronic heart failure: from diabetic cardiomyopathy to therapeutic
approach. Endocr Metab Immune Disord Drug Targets, vol 13:
38-50

van Heerebeek L, Hamdani N, Handoko ML, Falcao-Pires I,
Musters RJ, Kupreishvili K, Ijsselmuiden AJ, Schalkwijk CG,
Bronzwaer JG, Diamant M, Borbely A, van der Velden J,
Stienen GJ, Laarman GJ, Niessen HW, Paulus WJ (2008)
Diastolic stiffness of the failing diabetic heart: importance of fi-
brosis, advanced glycation end products, and myocyte resting ten-
sion. Circulation 117:43-51

Gao WD, Liu Y, Marban E (1996) Selective effects of oxygen free
radicals on excitation-contraction coupling in ventricular muscle.
Implications for the mechanism of stunned myocardium.
Circulation 94:2597-2604

Ma Y, Zhang L, Edwards JN, Launikonis BS, Chen C (2012)
Growth hormone secretagogues protect mouse cardiomyocytes
from in vitro ischemia/reperfusion injury through regulation of
intracellular calcium. PLoS One 7:¢35265

Berti F, Muller E, De Gennaro Colonna V, Rossoni G (1998)
Hexarelin exhibits protective activity against cardiac ischaemia
in hearts from growth hormone-deficient rats. Growth Hormon
IGF Res 8(Suppl B):149-152

Frascarelli S, Ghelardoni S, Ronca-Testoni S, Zucchi R (2003)
Effect of ghrelin and synthetic growth hormone secretagogues in
normal and ischemic rat heart. Basic Res Cardiol 98:401-405
Bisi G, Podio V, Valetto MR, Broglio F, Bertuccio G, Del Rio G,
Arvat E, Boghen MF, Deghenghi R, Muccioli G, Ong H, Ghigo E
(1999) Acute cardiovascular and hormonal effects of GH and
hexarelin, a synthetic GH-releasing peptide, in humans. J
Endocrinol Investig 22:266-272

Zhang X, Qu L, Chen L & Chen C 2018, Improvement of cardio-
myocyte function by in vivo hexarelin treatment in streptozotocin-
induced diabetic rats, Physiol Rep, vol 6

Broglio F, Arvat E, Benso A, Gottero C, Muccioli G, Papotti M,
van der Lely AJ, Deghenghi R, Ghigo E (2001) Ghrelin, a natural
GH secretagogue produced by the stomach, induces hyperglyce-
mia and reduces insulin secretion in humans. J Clin Endocrinol
Metab 86:5083-5086

Lindqvist A, Shcherbina L, Prasad RB, Miskelly MG, Abels M,
Martinez-Lopez JA, Fred RG, Nergard BJ, Hedenbro J, Groop L,
Hjerling-Leffler J, Wierup N (2020) Ghrelin suppresses insulin
secretion in human islets and type 2 diabetes patients have dimin-
ished islet ghrelin cell number and lower plasma ghrelin levels.
Mol Cell Endocrinol 511:110835

Miegueu P, St Pierre D, Broglio F, Cianflone K (2011) Effect of
desacyl ghrelin, obestatin and related peptides on triglyceride

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

storage, metabolism and GHSR signaling in 3T3-L1 adipocytes.
J Cell Biochem 112:704-714

Muccioli G, Pons N, Ghe C, Catapano F, Granata R, Ghigo E
(2004) Ghrelin and des-acyl ghrelin both inhibit isoproterenol-
induced lipolysis in rat adipocytes via a non-type la growth hor-
mone secretagogue receptor. Eur J Pharmacol 498:27-35
Rodriguez A, Gomez-Ambrosi J, Catalan V, Gil MJ, Becerril S,
Sainz N, Silva C, Salvador J, Colina I, Fruhbeck G (2009)
Acylated and desacyl ghrelin stimulate lipid accumulation in hu-
man visceral adipocytes. Int J Obes 33(p):541-552

van der Lely AJ, Tschop M, Heiman ML, Ghigo E (2004)
Biological, physiological, pathophysiological, and pharmacologi-
cal aspects of ghrelin. Endocr Rev 25:426-457

Tesauro M, Schinzari F, Caramanti M, Lauro R, Cardillo C (2010)
Cardiovascular and metabolic effects of ghrelin. Curr Diabetes
Rev 6:228-235

Aragno M, Mastrocola R, Ghe C, Amoletti E, Bassino E, Alloatti
G, Muccioli G (2012) Obestatin induced recovery of myocardial
dysfunction in type 1 diabetic rats: underlying mechanisms.
Cardiovasc Diabetol 11:129

McLaughlin T, Abbasi F, Lamendola C, Frayo RS, Cummings DE
(2004) Plasma ghrelin concentrations are decreased in insulin-
resistant obese adults relative to equally obese insulin-sensitive
controls. J Clin Endocrinol Metab 89:1630-1635

Tesauro M, Schinzari F, Iantorno M, Rizza S, Melina D, Lauro D,
Cardillo C (2005) Ghrelin improves endothelial function in pa-
tients with metabolic syndrome. Circulation 112:2986-2992
Gauna C, Meyler FM, Janssen JA, Delhanty PJ, Abribat T, van
Koetsveld P, Hofland LJ, Broglio F, Ghigo E, van der Lely AJ
(2004) Administration of acylated ghrelin reduces insulin sensitiv-
ity, whereas the combination of acylated plus unacylated ghrelin
strongly improves insulin sensitivity. J Clin Endocrinol Metab 89:
5035-5042

Giles TD, Materson BJ, Cohn JN, Kostis JB (2009) Definition and
classification of hypertension: an update. J Clin Hypertens
(Greenwich) 11:611-614

Poykko SM, Kellokoski E, Horkko S, Kauma H, Kesaniemi YA,
Ukkola O (2003) Low plasma ghrelin is associated with insulin
resistance, hypertension, and the prevalence of type 2 diabetes.
Diabetes 52:2546-2553

Poykko S, Ukkola O, Kauma H, Savolainen MJ, Kesaniemi YA
(2003) Ghrelin Arg51GIn mutation is a risk factor for type 2 dia-
betes and hypertension in a random sample of middle-aged sub-
jects. Diabetologia 46:455-458

Yang D, Liu Z, Yang Z (2013) Ghrelin and its relation with N-
terminal brain natriuretic peptide, endothelin-1 and nitric oxide in
patients with idiopathic pulmonary hypertension. Cardiology 124:
241-245

Lin Y, Matsumura K, Fukuhara M, Kagiyama S, Fujii K, lida M
(2004) Ghrelin acts at the nucleus of the solitary tract to decrease
arterial pressure in rats. Hypertension 43:977-982
Henriques-Coelho T, Correia-Pinto J, Roncon-Albuquerque R,
Baptista MJ, Lourenco AP, Oliveira SM, Brandao-Nogueira A,
Teles A, Fortunato JM, Leite-Moreira AF (2004) Endogenous
production of ghrelin and beneficial effects of its exogenous ad-
ministration in monocrotaline-induced pulmonary hypertension.
Am J Physiol Heart Circ Physiol 287:H2885-H2890

Makino Y, Hosoda H, Shibata K, Makino I, Kojima M, Kangawa
K, Kawarabayashi T (2002) Alteration of plasma ghrelin levels
associated with the blood pressure in pregnancy. Hypertension 39:
781-784

Raso GM, Bianco G, lacono A, Esposito E, Autore G, Ferrante
MC, Calignano A, Meli R (2007) Maternal adaptations to preg-
nancy in spontaneously hypertensive rats: leptin and ghrelin eval-
uation. J Endocrinol 194:611-619

@ Springer



Heart Fail Rev

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Kalogeris T, Baines CP, Krenz M, Korthuis RJ (2012) Cell biol-
ogy of ischemia/reperfusion injury. Int Rev Cell Mol Biol 298:
229-317

Mao Y, Tokudome T, Kishimoto I (2014) The cardiovascular
action of hexarelin. J Geriatr Cardiol, vol 11:253-258
Ferdinandy P, Hausenloy DJ, Heusch G, Baxter GF, Schulz R
(2014) Interaction of risk factors, comorbidities, and
comedications with ischemia/reperfusion injury and
cardioprotection by preconditioning, postconditioning, and remote
conditioning. Pharmacol Rev 66:1142-1174

Raghay K, Akki R, Bensaid D, Errami M (2020) Ghrelin as an
anti-inflammatory and protective agent in ischemia/reperfusion
injury. Peptides 124:170226

Bukowczan J, Warzecha Z, Ceranowicz P, Kusnierz-Cabala B,
Tomaszewska R, Dembinski A (2015) Therapeutic effect of ghrel-
in in the course of ischemia/reperfusion-induced acute pancreati-
tis. Curr Pharm Des 21:2284-2290

Qin Y, Li Z, Wang Z, Li Y, Zhao J, Mulholland M, Zhang W
(2014) Ghrelin contributes to protection of hepatocellular injury
induced by ischaemia/reperfusion. Liver Int 34:567-575

Zhang H, Cui Z, Luo G, Zhang J, Ma T, Hu N, Cui T (2013)
Ghrelin attenuates intestinal ischemia/reperfusion injury in mice
by activating the mTOR signaling pathway. Int J Mol Med 32:
851-859

Zhang Q, Huang C, Meng B, Tang T, Shi Q, Yang H (2012) Acute
effect of ghrelin on ischemia/reperfusion injury in the rat spinal
cord. Int J Mol Sci 13:9864-9876

Rajan D, Wu R, Shah KG, Jacob A, Coppa GF, Wang P (2012)
Human ghrelin protects animals from renal ischemia-reperfusion
injury through the vagus nerve. Surgery 151:37-47

Ma'Y, Zhang L, Launikonis BS, Chen C (2012) Growth hormone
secretagogues preserve the electrophysiological properties of
mouse cardiomyocytes isolated from in vitro ischemia/
reperfusion heart. Endocrinology 153:5480-5490

Zhang GG, Cai HQ, Li YH, Sui YB, Zhang JS, Chang JR, Ning
M, Wu 'Y, Tang CS, Qi YF, Yin XH (2013) Ghrelin protects heart
against ERS-induced injury and apoptosis by activating AMP-
activated protein kinase. Peptides 48:156-165

Yuan MJ, Huang H, Tang YH, Wu G, Gu YW, Chen YJ, Huang
CX (2011) Effects of ghrelin on Cx43 regulation and electrical
remodeling after myocardial infarction in rats. Peptides 32:2357—
2361

Soeki T, Niki T, Uematsu E, Bando S, Matsuura T, Kusunose K,
Ise T, Ueda Y, Tomita N, Yamaguchi K, Koshiba K, Yagi S,
Fukuda D, Taketani Y, Iwase T, Yamada H, Wakatsuki T,
Akaike M, Shimabukuro M, Kishimoto I et al (2013) Ghrelin
protects the heart against ischemia-induced arthythmias by pre-
serving connexin-43 protein. Heart Vessel 28:795-801
Camargo-Silva G, Turones LC, da Cruz KR, Gomes KP,
Mendonga MM, Nunes A, de Jesus IG, Colugnati DB, Pansani
AP, Pobbe RLH, Santos R, Fontes MAP, Guatimosim S, de
Castro CH, lanzer D, Ferreira RN, Xavier CH (2018) Ghrelin
potentiates cardiac reactivity to stress by modulating sympathetic
control and beta-adrenergic response. Life Sci 196:84-92

Sun HJ, Wu ZY, Nie XW, Bian JS (2019) Role of endothelial
dysfunction in cardiovascular diseases: the link between inflam-
mation and hydrogen sulfide. Front Pharmacol 10:1568

Shiiya T, Nakazato M, Mizuta M, Date Y, Mondal MS, Tanaka
M, Nozoe S, Hosoda H, Kangawa K, Matsukura S (2002) Plasma
ghrelin levels in lean and obese humans and the effect of glucose
on ghrelin secretion. J Clin Endocrinol Metab 87:240-244
Nagaya N, Kojima M, Uematsu M, Yamagishi M, Hosoda H, Oya
H, Hayashi Y, Kangawa K (2001) Hemodynamic and hormonal
effects of human ghrelin in healthy volunteers. Am J Phys Regul
Integr Comp Phys 280:R1483-R 1487

@ Springer

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Flammer AJ, Anderson T, Celermajer DS, Creager MA, Deanfield
J, Ganz P, Hamburg NM, Liischer TF, Shechter M, Taddei S, Vita
JA, Lerman A (2012) The assessment of endothelial function:
from research into clinical practice. Circulation 126:753-767
Matsumura K, Tsuchihashi T, Fujii K, Abe I, lida M (2002)
Central ghrelin modulates sympathetic activity in conscious rab-
bits. Hypertension 40:694-699

Okumura H, Nagaya N, Enomoto M, Nakagawa E, Oya H,
Kangawa K (2002) Vasodilatory effect of ghrelin, an endogenous
peptide from the stomach. J Cardiovasc Pharmacol 39:779-783
Wiley KE, Davenport AP (2002) Comparison of vasodilators in
human internal mammary artery: ghrelin is a potent physiological
antagonist of endothelin-1. Br J Pharmacol 136:1146-1152
Tantorno M, Chen H, Kim JA, Tesauro M, Lauro D, Cardillo C,
Quon MJ (2007) Ghrelin has novel vascular actions that mimic PI
3-kinase-dependent actions of insulin to stimulate production of
NO from endothelial cells. Am J Physiol Endocrinol Metab 292:
E756-E764

Shimizu Y, Nagaya N, Teranishi Y, Imazu M, Yamamoto H,
Shokawa T, Kangawa K, Kohno N, Yoshizumi M (2003)
Ghrelin improves endothelial dysfunction through growth
hormone-independent mechanisms in rats. Biochem Biophys
Res Commun 310:830-835

Kadoglou NP, Sailer N, Moumtzouoglou A, Kapelouzou A,
Tsanikidis H, Vitta I, Karkos C, Karayannacos PE, Gerasimidis
T, Liapis CD (2010) Visfatin (nampt) and ghrelin as novel
markers of carotid atherosclerosis in patients with type 2 diabetes.
Exp Clin Endocrinol Diabetes 118:75-80

Kotani K, Sakane N, Saiga K, Adachi S, Mu H, Kurozawa Y,
Kawano M (2006) Serum ghrelin and carotid atherosclerosis in
older Japanese people with metabolic syndrome. Arch Med Res
37:903-906

Yano Y, Toshinai K, Inokuchi T, Kangawa K, Shimada K, Kario
K, Nakazato M (2009) Plasma des-acyl ghrelin, but not plasma
HMW adiponectin, is a useful cardiometabolic marker for
predicting atherosclerosis in elderly hypertensive patients.
Atherosclerosis 204:590-594

Zhang M, Fang WY, Yuan F, Qu XK, Liu H, Xu YJ, Chen H, Yu
YF, Shen Y, Zheng ZC (2012) Plasma ghrelin levels are closely
associated with severity and morphology of angiographically-
detected coronary atherosclerosis in Chineses patients with diabe-
tes mellitus. Acta Pharmacol Sin 33:452-458

Poykko SM, Kellokoski E, Ukkola O, Kauma H, Paivansalo M,
Kesaniemi YA, Horkko S (2006) Plasma ghrelin concentrations
are positively associated with carotid artery atherosclerosis in
males. J Intern Med 260:43-52

Kim SJ, Paik KH, Kim DI, Choe YH, Kim SW, Jin DK (2010)
Correlation between hyperghrelinemia and carotid artery intima-
media thickness in children with Prader-Willi syndrome. Yonsei
Med J 51:339-344

Laurila M, Santaniemi M, Keséniemi YA, Ukkola O (2014) High
plasma ghrelin protects from coronary heart disease and
Leu72Leu polymorphism of ghrelin gene from cancer in healthy
adults during the 19 years follow-up study. Peptides 61:122—129
Tahergorabi Z, Rashidi B, Khazaei M (2013) Ghrelin does not
alter aortic intima-media thickness and adipose tissue characteris-
tics in control and obese mice. Iran J Basic Med Sci, vol 16:942—
945

A1 W, Wu M, Chen L, Jiang B, Mu M, Liu L, Yuan Z (2017)
Ghrelin ameliorates atherosclerosis by inhibiting endoplasmic re-
ticulum stress. Fundam Clin Pharmacol 31:147-154

Togliatto G, Trombetta A, Dentelli P, Gallo S, Rosso A, Cotogni
P, Granata R, Falcioni R, Delale T, Ghigo E, Brizzi MF (2015)
Unacylated ghrelin induces oxidative stress resistance in a glucose
intolerance and peripheral artery disease mouse model by restor-
ing endothelial cell miR-126 expression. Diabetes 64:1370—1382



Heart Fail Rev

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

Zhang M, Qu X, Yuan F, Yang Y, Xu L, Dai J, Wang W, Fei J,
Hou X, Fang W (2015) Ghrelin receptor deficiency aggravates
atherosclerotic plaque instability. Front Biosci (Landmark Ed)
20:604-613

Zhang M, Yuan F, Chen H, Qiu X, Fang W (2007) Effect of
exogenous ghrelin on cell differentiation antigen 40 expression
in endothelial cells. Acta Biochim Biophys Sin Shanghai 39:
974-981

Li WG, Gavrila D, Liu X, Wang L, Gunnlaugsson S, Stoll LL,
McCormick ML, Sigmund CD, Tang C, Weintraub NL (2004)
Ghrelin inhibits proinflammatory responses and nuclear factor-
kappaB activation in human endothelial cells. Circulation 109:
2221-2226

Genis BB, Granada ML, Alonso N, Lauzurica R, Jimenez JA,
Barluenga E, Homs M, Pastor MC, Salinas I, Quintero JC,
Sanmarti A, Romero R (2007) Ghrelin, glucose homeostasis,
and carotid intima media thickness in kidney transplantation.
Transplantation 84:1248-1254

Wang L, Chen Q, Li G, Ke D (2012) Ghrelin stimulates angio-
genesis via GHSR 1a-dependent MEK/ERK and PI3K/Akt signal
pathways in rat cardiac microvascular endothelial cells. Peptides
33:92-100

Yuan M-J, Hu H-Y, Huang C-X et al (2012) Myocardial angio-
genesis after chronic ghrelin treatment in a rat myocardial infarc-
tion model. Regul Pept 179:39-42

Wang L, Chen Q, Li G, Ke D (2015) Ghrelin ameliorates impaired
angiogenesis of ischemic myocardium through GHSR1a-
mediated AMPK/eNOS signal pathway in diabetic rats. Peptides
73:77-87

Katare R, Rawal S, Munasinghe PE, Tsuchimochi H, Inagaki T,
Fujii Y, Dixit P, Umetani K, Kangawa K, Shirai M, Schwenke DO
(2016) Ghrelin promotes functional angiogenesis in a mouse mod-
el of critical limb ischemia through activation of proangiogenic
microRNAs. Endocrinology 157:432-445

Fish JE, Santoro MM, Morton SU, Yu S, Yeh RF, Wythe JD, Ivey
KN, Bruneau BG, Stainier DY, Srivastava D (2008) miR-126
regulates angiogenic signaling and vascular integrity. Dev Cell
15:272-284

Wang J, He L, Huwatibieke B, Liu L, Lan H, Zhao J, Li Y, Zhang
W (2018) Ghrelin stimulates endothelial cells angiogenesis
through extracellular regulated protein kinases (ERK) signaling
pathway. Int J Mol Sci 19:2530

Mayo LD, Kessler KM, Pincheira R, Warren RS, Donner DB
(2001) Vascular endothelial cell growth factor activates CRE-
binding protein by signaling through the KDR receptor tyrosine
kinase. J Biol Chem 276:25184-25189

Tahergorabi Z, Rashidi B, Khazaei M (2013) Ghrelin does not
modulate angiogenesis in matrigel plug in normal and diet-
induced obese mice. J Res Med Sci 18:939-942

Tahergorabi Z, Khazaei M, Rashidi B (2015) Systemic adminis-
tration of ghrelin did not restore angiogenesis in hindlimb ische-
mia in control and diet-induced obese mice. Bratisl Lek Listy 116:
3540

Khazaei M, Tahergorabi Z (2017) Ghrelin did not change coro-
nary angiogenesis in diet-induced obese mice. Cell Mol Biol
(Noisy-le-grand) 63:96-99

Anand S, Majeti BK, Acevedo LM, Murphy EA, Mukthavaram R,
Scheppke L, Huang M, Shields DJ, Lindquist JN, Lapinski PE,
King PD, Weis SM, Cheresh DA (2010) MicroRNA-132-
mediated loss of p120RasGAP activates the endothelium to facil-
itate pathological angiogenesis. Nat Med 16:909-914

Jin W, Reddy MA, Chen Z, Putta S, Lanting L, Kato M, Park JT,
Chandra M, Wang C, Tangirala RK, Natarajan R (2012) Small
RNA sequencing reveals microRNAs that modulate angiotensin 11
effects in vascular smooth muscle cells. J Biol Chem 287:15672—
15683

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Hansen GN, Hansen BL, Jorgensen PN, Scharrer B (1990)
Immunocytochemical localization and immunochemical charac-
terization of an insulin-related peptide in the insect Leucophaca
maderae. Cell Tissue Res 259:265-273

Stahlhut C, Suarez Y, Lu J, Mishima Y, Giraldez AJ (2012) miR-1
and miR-206 regulate angiogenesis by modulating VegfA expres-
sion in zebrafish. Development 139:4356-4364

Stenzel D, Lundkvist A, Sauvaget D, Busse M, Graupera M, van
der Flier A, Wijelath ES, Murray J, Sobel M, Costell M, Takahashi
S, Fdssler R, Yamaguchi Y, Gutmann DH, Hynes RO, Gerhardt H
(2011) Integrin-dependent and -independent functions of astrocyt-
ic fibronectin in retinal angiogenesis. Development 138:4451—
4463

Tsutsui H, Tsuchihashi-Makaya M, Kinugawa S, Goto D,
Takeshita A (2007) Characteristics and outcomes of patients with
heart failure in general practices and hospitals. Circ J 71:449-454
Rosamond W, Flegal K, Furie K, Go A, Greenlund K, Haase N,
Hailpern SM, Ho M, Howard V, Kissela B, Kissela B, Kittner S,
Lloyd-Jones D, McDermott M, Meigs J, Moy C, Nichol G,
ODonnell C, Roger V, Sorlie P et al (2008) Heart disease and
stroke statistics—2008 update: a report from the American Heart
Association Statistics Committee and Stroke Statistics
Subcommittee. Circulation 117:25-146

Zhang G, Yin X, Q1Y, Pendyala L, Chen J, Hou D, Tang C (2010)
Ghrelin and cardiovascular diseases. Curr Cardiol Rev 6:62—70
Mao Y, Tokudome T, Kishimoto I (2014) Ghrelin as a treatment
for cardiovascular diseases. Hypertension 64:450-454

Nagaya N, Miyatake K, Uematsu M, Oya H, Shimizu W, Hosoda
H, Kojima M, Nakanishi N, Mori H, Kangawa K (2001)
Hemodynamic, renal, and hormonal effects of ghrelin infusion in
patients with chronic heart failure. J Clin Endocrinol Metab 86:
5854-5859

Ashby D, Choi P, Bloom S (2008) Gut hormones and the treat-
ment of disease cachexia. Proc Nutr Soc 67:263-269

Xin X, Ren AJ, Zheng X, Qin YW, Zhao XX, Yuan WJ, Guo ZF
(2009) Disturbance of circulating ghrelin and obestatin in chronic
heart failure patients especially in those with cachexia. Peptides
30:2281-2285

Mitacchione G, Powers JC, Grifoni G, Woitek F, Lam A, Ly L,
Settanni F, Makarewich CA, McCormick R, Trovato L, Houser
SR, Granata R, Recchia FA (2014) The gut hormone ghrelin par-
tially reverses energy substrate metabolic alterations in the failing
heart. Circ Heart Fail 7:643-651

Enomoto M, Nagaya N, Uematsu M, Okumura H, Nakagawa E,
Ono F, Hosoda H, Oya H, Kojima M, Kanmatsuse K, Kangawa K
(2003) Cardiovascular and hormonal effects of subcutaneous ad-
ministration of ghrelin, a novel growth hormone-releasing peptide,
in healthy humans. Clin Sci 105:431-435

Schiattarella GG, Hill JA (2016) Therapeutic targeting of autoph-
agy in cardiovascular disease. J Mol Cell Cardiol 95:86-93
Sciarretta S, Maejima Y, Zablocki D, Sadoshima J (2018) The role
of autophagy in the heart. Annu Rev Physiol 80:1-26

Xu M, Liu L, Song C, Chen W, Gui S (2017) Ghrelin improves
vascular autophagy in rats with vascular calcification. Life Sci
179:23-29

Godar RJ, Ma X, Liu H, Murphy JT, Weinheimer CJ, Kovacs A,
Crosby SD, Saftig P, Diwan A (2015) Repetitive stimulation of
autophagy-lysosome machinery by intermittent fasting precondi-
tions the myocardium to ischemia-reperfusion injury. Autophagy
11:1537-1560

Zhang S, Mao Y, Fan X (2018) Inhibition of ghrelin o-
acyltransferase attenuated lipotoxicity by inducing autophagy
via AMPK-mTOR pathway. Drug Des Devel Ther 12:873-885
Mao Y, Cheng J, Yu F, Li H, Guo C, Fan X (2015) Ghrelin
attenuated lipotoxicity via autophagy induction and nuclear
factor-«B inhibition. Cell Physiol Biochem 37:563-576

@ Springer



Heart Fail Rev

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

Yuan MJ, Wang T (2020) The new mechanism of ghrelin/GHSR-
la on autophagy regulation. Peptides, vol 126:170264

Andres AM, Kooren JA, Parker SJ, Tucker KC, Ravindran N, Tto
BR, Huang C, Venkatraman V, Van Eyk JE, Gottlieb RA,
Mentzer RM (2016) Discordant signaling and autophagy response
to fasting in hearts of obese mice: implications for ischemia toler-
ance. Am J Physiol Heart Circ Physiol 311:H219-H228
Toshinai K, Mondal MS, Nakazato M, Date Y, Murakami N,
Kojima M, Kangawa K, Matsukura S (2001) Upregulation of
ghrelin expression in the stomach upon fasting, insulin-induced
hypoglycemia, and leptin administration. Biochem Biophys Res
Commun 281:1220-1225

Agbo E, Li MX, Wang YQ, Saahene RO, Massaro J, Tian GZ
(2019) Hexarelin protects cardiac H9C2 cells from angiotensin 1I-
induced hypertrophy via the regulation of autophagy. Pharmazie
74:485-491

Tong XX, Wu D, Wang X, Chen HL, Chen JX, Wang XX, Wang
XL, Gan L, Guo ZY, Shi GX, Zhang YZ, Jiang W (2012) Ghrelin
protects against cobalt chloride-induced hypoxic injury in cardiac
HO¢2 cells by inhibiting oxidative stress and inducing autophagy.
Peptides 38:217-227

Kola B, Hubina E, Tucci SA, Kirkham TC, Garcia EA, Mitchell
SE, Williams LM, Hawley SA, Hardie DG, Grossman AB,
Korbonits M (2005) Cannabinoids and ghrelin have both central
and peripheral metabolic and cardiac effects via AMP-activated
protein kinase. J Biol Chem 280:25196-25201

Mihaylova MM, Shaw RJ (2011) The AMPK signalling pathway
coordinates cell growth, autophagy and metabolism. Nat Cell Biol
13:1016-1023

Sun Q, Zang WIJ, Chen C (2010) Growth hormone secretagogues
reduce transient outward K+ current via phospholipase C/protein
kinase C signaling pathway in rat ventricular myocytes.
Endocrinology 151:1228-1235

Bedendi I, Alloatti G, Marcantoni A, Malan D, Catapano F, Ghe
C, Deghenghi R, Ghigo E, Muccioli G (2003) Cardiac effects of
ghrelin and its endogenous derivatives des-octanoyl ghrelin and
des-Gln14-ghrelin. Eur J Pharmacol 476:87-95

Bedendi I, Gallo MP, Malan D, Levi RC, Alloatti G (2001) Role
of endothelial cells in modulation of contractility induced by
hexarelin in rat ventricle. Life Sci 69:2189-2201

Cao CM, Xia Q, Gao Q, Chen M, Wong TM (2005) Calcium-
activated potassium channel triggers cardioprotection of ischemic
preconditioning. J Pharmacol Exp Ther 312:644-650

Xu W, Liu Y, Wang S, McDonald T, Van Eyk JE, Sidor A,
ORourke B (2002) Cytoprotective role of Ca2+- activated K+
channels in the cardiac inner mitochondrial membrane. Science
298:1029-1033

Xu Y, Tuteja D, Zhang Z, Xu D, Zhang Y, Rodriguez J, Nie L,
Tuxson HR, Young JN, Glatter KA, Vazquez AE, Yamoah EN,
Chiamvimonvat N (2003) Molecular identification and functional
roles of a Ca(2+)-activated K+ channel in human and mouse
hearts. J Biol Chem 278:49085-49094

Casis O, Iriarte M, Gallego M, Sanchez-Chapula JA (1998)
Differences in regional distribution of K+ current densities in rat
ventricle. Life Sci 63:391-400

Greenstein JL, Wu R, Po S, Tomaselli GF, Winslow RL (2000)
Role of the calcium-independent transient outward current I(tol)
in shaping action potential morphology and duration. Circ Res 87:
1026-1033

Xu XB, Cao JM, Pang JJ, Xu RK, Ni C, Zhu WL, Asotra K, Chen
MC, Chen C (2003) The positive inotropic and calcium-
mobilizing effects of growth hormone-releasing peptides on rat
heart. Endocrinology 144:5050-5057

Soares JB, Rocha-Sousa A, Castro-Chaves P, Henriques-Coelho
T, Leite-Moreira AF (2006) Inotropic and lusitropic effects of
ghrelin and their modulation by the endocardial endothelium,

@ Springer

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

NO, prostaglandins, GHS-R1a and KCa channels. Peptides 27:
1616-1623

Soares JB, Rocha-Sousa A, Castro-Chaves P, Henriques-Coelho
T, Lourenco AP, Roncon-Albuquerque R, Leite-Moreira AF
(2005) Contractile effects of ghrelin and expression of its receptor
GHS-R1a in normal and hypertrophic myocardium. Rev Port
Cardiol 24:1235-1242

Mustafa ER, Lopez Soto EJ, Martinez Damonte V, Rodriguez SS,
Lipscombe D, Raingo J (2017) Constitutive activity of the ghrelin
receptor reduces surface expression of voltage-gated Ca2+ chan-
nels in a CaV3-dependent manner. J Cell Sci 130:3907-3917
Warbrick I, Rabkin SW (2019) Effect of the peptides relaxin,
neuregulin, ghrelin and glucagon-like peptide-1, on cardiomyo-
cyte factors involved in the molecular mechanisms leading to di-
astolic dysfunction and/or heart failure with preserved ejection
fraction. Peptides 111:33-41

Sun Q, Ma Y, Zhang L, Zhao YF, Zang WJ, Chen C (2010)
Effects of GH secretagogues on contractility and Ca2+ homeosta-
sis of isolated adult rat ventricular myocytes. Endocrinology 151:
44464454

Pettersson I, Muccioli G, Granata R, Deghenghi R, Ghigo E,
Ohlsson C, Isgaard J (2002) Natural (ghrelin) and synthetic
(hexarelin) GH secretagogues stimulate H9¢2 cardiomyocyte cell
proliferation. J Endocrinol 175:201-209

Pierno S, De Luca A, Desaphy JF, Fraysse B, Liantonio A,
Didonna MP, Lograno M, Cocchi D, Smith RG, Camerino DC
(2003) Growth hormone secretagogues modulate the electrical
and contractile properties of rat skeletal muscle through a
ghrelin-specific receptor. Br J Pharmacol 139:575-584

Shinde UA, Desai KM, Yu C, Gopalakrishnan V (2005) Nitric
oxide synthase inhibition exaggerates the hypotensive response to
ghrelin: role of calcium-activated potassium channels. J Hypertens
23:779-784

Granata R, Settanni F, Biancone L, Trovato L, Nano R, Bertuzzi F,
Destefanis S, Annunziata M, Martinetti M, Catapano F, Ghe C,
Isgaard J, Papotti M, Ghigo E, Muccioli G (2007) Acylated and
unacylated ghrelin promote proliferation and inhibit apoptosis of
pancreatic beta-cells and human islets: involvement of 3,5-cyclic
adenosine monophosphate/protein kinase A, extracellular signal-
regulated kinase 1/2, and phosphatidyl inositol 3-kinase/Akt sig-
naling. Endocrinology 148:512-529

Iglesias MJ, Pineiro R, Blanco M, Gallego R, Dieguez C, Gualillo
0, Gonzalez-Juanatey JR, Lago F (2004) Growth hormone releas-
ing peptide (ghrelin) is synthesized and secreted by
cardiomyocytes. Cardiovasc Res 62:481-488

Shati AA, El-Kott AF (2019) Acylated ghrelin prevents
doxorubicin-induced cardiac intrinsic cell death and fibrosis in
rats by restoring IL-6/JAK2/STAT3 signaling pathway and inhi-
bition of STAT1. Naunyn Schmiedeberg's Arch Pharmacol
392(p):1151-1168

Xu Z, Lin S, Wu W, Tan H, Wang Z, Cheng C, Lu L, Zhang X
(2008) Ghrelin prevents doxorubicin-induced cardiotoxicity
through TNF-alpha/NF-kappaB pathways and mitochondrial pro-
tective mechanisms. Toxicology 247:133—138

Gupta S, Kass GE, Szegezdi E, Joseph B (2009) The mitochon-
drial death pathway: a promising therapeutic target in diseases. J
Cell Mol Med 13:1004-1033

Zhang GG, Teng X, Liu Y, Cai Y, Zhou YB, Duan XH, Song JQ,
Shi Y, Tang CS, Yin XH, Qi YF (2009) Inhibition of endoplasm
reticulum stress by ghrelin protects against ischemia/reperfusion
injury in rat heart. Peptides 30:1109-1116

Melnikova NP, Timoshin SS, Jivotova EY, Pelliniemi LJ, Jokinen
E, Abdelwahid E (2006) Angiotensin-II activates apoptosis, pro-
liferation and protein synthesis in the left heart ventricle of new-
born albino rats. Int J Cardiol 112:219-222



Heart Fail Rev

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

Alloatti G, Arnoletti E, Bassino E, Penna C, Perrelli MG, Ghé C,
Muccioli G (2010) Obestatin affords cardioprotection to the
ischemic-reperfused isolated rat heart and inhibits apoptosis in
cultures of similarly stressed cardiomyocytes. Am J Physiol
Heart Circ Physiol 299:H470-H481

Wang X, Yang C, Liu X, Yang P (2018) Ghrelin alleviates angio-
tensin II-induced H9¢2 apoptosis: impact of the miR-208 family.
Med Sci Monit 24:6707-6716

Dixit VD, Schaffer EM, Pyle RS, Collins GD, Sakthivel SK,
Palaniappan R, Lillard JW, Taub DD (2004) Ghrelin inhibits
leptin- and activation-induced proinflammatory cytokine expres-
sion by human monocytes and T cells. J Clin Invest 114:57-66
Wang L, Saint-Pierre DH, Taché Y (2002) Peripheral ghrelin se-
lectively increases Fos expression in neuropeptide Y - synthesiz-
ing neurons in mouse hypothalamic arcuate nucleus. Neurosci Lett
325:47-51

Banks WA, Tschop M, Robinson SM, Heiman ML (2002) Extent
and direction of ghrelin transport across the blood-brain barrier is
determined by its unique primary structure. J Pharmacol Exp Ther
302:822-827

Tsubota Y, Owada-Makabe K, Yukawa K, Maeda M (2005)
Hypotensive effect of des-acyl ghrelin at nucleus tractus solitarii
of rat. Neuroreport 16:163—-166

Vlasova MA, Jarvinen K, Herzig KH (2009) Cardiovascular ef-
fects of ghrelin antagonist in conscious rats. Regul Pept 156:72-76
Shimizu S, Akiyama T, Kawada T, Sonobe T, Kamiya A,
Shishido T, Tokudome T, Hosoda H, Shirai M, Kangawa K,
Sugimachi M (2011) Centrally administered ghrelin activates car-
diac vagal nerve in anesthetized rabbits. Auton Neurosci 162:60—
65

Serra-Prat M, Fernandez X, Burdoy E, Mussoll J, Casamitjana R,
Puig-Domingo M (2007) The role of ghrelin in the energy homeo-
stasis of elderly people: a population-based study. J Endocrinol
Investig 30:484-490

Nass R, Farhy LS, Liu J, Pezzoli SS, Johnson ML, Gaylinn BD,
Thorner MO (2014) Age-dependent decline in acyl-ghrelin con-
centrations and reduced association of acyl-ghrelin and growth
hormone in healthy older adults. J Clin Endocrinol Metab 99:
602-608

Yin Y, Zhang W (2016) The role of ghrelin in senescence: a mini-
review. Gerontology 62:155-162

Kozakowski J, Rabijewski M, Zgliczynski W (2008) Ghrelin -
growth hormone releasing and orexigenic hormone in men de-
clines with age, insulin and with decrease in testosterone concen-
tration. Neuro Endocrinol Lett 29(p):100-106

Rigamonti AE, Pincelli Al, Corra B, Viarengo R, Bonomo SM,
Galimberti D, Scacchi M, Scarpini E, Cavagnini F, Muller EE
(2002) Plasma ghrelin concentrations in elderly subjects: compar-
ison with anorexic and obese patients. J Endocrinol 175:1-5
Sturm K, MacIntosh CG, Parker BA, Wishart J, Horowitz M,
Chapman IM (2003) Appetite, food intake, and plasma concentra-
tions of cholecystokinin, ghrelin, and other gastrointestinal hor-
mones in undernourished older women and well-nourished young
and older women. J Clin Endocrinol Metab 88:3747-3755

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

Yano Y, Nakazato M, Toshinai K, Inokuchi T, Matsuda S, Hidaka
T, Hayakawa M, Kangawa K, Shimada K, Kario K (2014)
Circulating des-acyl ghrelin improves cardiovascular risk predic-
tion in older hypertensive patients. Am J Hypertens 27:727-733
Liu YL, Yakar S, Otero-Corchon V, Low MJ, Liu JL (2002)
Ghrelin gene expression is age-dependent and influenced by gen-
der and the level of circulating IGF-I. Mol Cell Endocrinol 189:
97-103

Wolden-Hanson T (2006) Mechanisms of the anorexia of aging in
the Brown Norway rat. Physiol Behav 88:267-276

Kappeler L, Zizzari P, Alliot J, Epelbaum J, Bluet-Pajot MT
(2004) Delayed age-associated decrease in growth hormone pul-
satile secretion and increased orexigenic peptide expression in the
Lou C/JaLL rat. Neuroendocrinology 80:273-283

Akimoto Y, Kanai S, Ohta M, Akimoto S, Uematsu H, Miyasaka
K (2012) Age-associated reduction of stimulatory effect of ghrelin
on food intake in mice. Arch Gerontol Geriatr 55:238-243

Sun 'Y, Garcia JM, Smith RG (2007) Ghrelin and growth hormone
secretagogue receptor expression in mice during aging.
Endocrinology 148:1323-1329

Fujitsuka N, Asakawa A, Morinaga A, Amitani MS, Amitani H,
Katsuura G, Sawada Y, Sudo Y, Uezono Y, Mochiki E, Sakata I,
Sakai T, Hanazaki K, Yada T, Yakabi K, Sakuma E, Ueki T,
Niijima A, Nakagawa K, Okubo N et al (2016) Increased ghrelin
signaling prolongs survival in mouse models of human aging
through activation of sirtuin1. Mol Psychiatry 21:1613-1623
North BJ, Sinclair DA (2012) The intersection between aging and
cardiovascular disease. Circ Res 110:1097-1108

Sullivan R, Randhawa VK, Stokes A, Wu D, Lalonde T, Kiaii B,
Luyt L, Wisenberg G, Dhanvantari S (2019) Dynamics of the
ghrelin/growth hormone secretagogue receptor system in the hu-
man heart before and after cardiac transplantation. Journal of the
Endocrine Society 3:748-762

Wren AM, Seal LJ, Cohen MA et al (2001) Ghrelin enhances
appetite and increases food intake in humans. J Clin Endocrinol
Metab 86:5992

Trippel TD, Holzendorf V, Halle M, Gelbrich G, Nolte K,
Duvinage A, Schwarz S, Rutscher T, Wiora J, Wachter R,
Herrmann-Lingen C (2017) Ghrelin and hormonal markers under
exercise training in patients with heart failure with preserved ejec-
tion fraction: results from the Ex-DHF pilot study. ESC Heart
Failure 4:56-65

Tesauro M, Schinzari F, Rovella V, Di Daniele N, Lauro D, Mores
N, Veneziani A, Cardillo C (2009) Ghrelin restores the endothelin
I/nitric oxide balance in patients with obesity-related metabolic
syndrome. Hypertension 54:995-1000

Togliatto G, Trombetta A, Dentelli P, Baragli A, Rosso A, Granata
R, Ghigo D, Pegoraro L, Ghigo E, Brizzi MF (2010) Unacylated
ghrelin rescues endothelial progenitor cell function in individuals
with type 2 diabetes. Diabetes 59:1016-1025

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer



	Heal the heart through gut (hormone) ghrelin: a potential player to combat heart failure
	Abstract
	Introduction
	Distribution, chemical structure, and synthesis of ghrelin
	Ghrelin hormone receptors in the cardiovascular system
	Cardiovascular protection by ghrelin
	Ghrelin ameliorates myocardial infarction
	Ghrelin heals cardiac hypertrophy and fibrosis
	Ghrelin and cardiac cachexia
	Ghrelin and diabetic cardiomyopathy
	Ghrelin-mediated attenuation of hypertension
	Ischemia-induced injury and arrhythmias control by ghrelin
	Vasodilatation and hemodynamic effects of ghrelin
	Ghrelin and coronary artery disease, atherosclerosis
	Ghrelin promotes angiogenesis
	Ghrelin in pathophysiology of chronic heart failure

	Mechanism of actions
	Autophagy
	Ionotropic action
	Anti-apoptotic pathways
	Anti-inflammatory pathway
	Autonomic nervous system regulation

	Age-related decline of ghrelin and association of cardiac complications
	Clinical studies substantiate ghrelin to combat heart failure
	Conclusion and future direction
	References


