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Ghrelin As a Treatment for Cardiovascular Diseases

Yuanjie Mao, Takeshi Tokudome, Ichiro Kishimoto

hrelin, a growth hormone-releasing peptide that was

first discovered in the stomach of rats in 1999, is an
endogenous ligand of growth hormone secretagogue recep-
tors (GHSRs).! Through binding to its receptors in the brain,
ghrelin was initially shown to strongly stimulate the release
of growth hormone and promote food intake.> Subsequent
studies revealed that GHSRs are expressed ubiquitously in
many organs and tissues, and ghrelin functionally participates
in the regulation of diverse processes including appetite con-
trol, energy balance, body weight maintenance, glucose and
fat metabolism, cell proliferation, and apoptosis, as well as
the modulation of gastrointestinal, cardiovascular, pulmonary,
and immune functions.** The primary receptor of ghrelin is
currently thought to be GHSR1a; however, other unidentified
receptors might exist.>® The high expression of GHSR1a in the
heart and large vessels provides evidence of its cardiac activ-
ity,” indicating ghrelin is a promising new therapeutic agent
for cardiovascular diseases. In this review, we discuss some of
the characteristic features of ghrelin treatment and its possible
therapeutic roles in animals and patients afflicted with com-
mon cardiovascular diseases.
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that are morphological 7
that produce low levels of ghrelin are also found in the lung,
bowel, pancreas, kidney, placenta, testis, hypothalamus, pitu-
itary gland, and the immune system.*'® Ghrelin is reportedly
produced in neoplastic tissues such as gastric and intestinal
carcinoids and medullary thyroid carcinomas.'' In addition
to endogenous ghrelin, growth hormone secretagogues, a het-
erogeneous group of synthetically produced peptides and non-
peptides, have been developed as ghrelin alternatives that can
bind GHSRs and stimulate growth hormone secretion in both
animals and human subjects.

The predominant active form of human ghrelin is a 28-aa
peptide that is octanoylated at the serine-3 position by n-octa-
noic acid. This acylation of ghrelin is essential for it to bind to
GHSR1a, which in turn is required for its growth hormone—
releasing activity and most likely for its other endocrine
actions as well.?>*» However, nonacylated ghrelin is present

ion, and Regul
ina in the s

Jhee
tream but
re d ‘

1.to pancreatic. o cells. Cells' -

in human serum in far greater quantities than acylated ghrelin.
In healthy adults, the plasma concentration of acylated ghrelin
is 10 to 20 fmol/mL, whereas total ghrelin is 100 to 150 fmol/
mL.* Although nonacylated ghrelin does not bind to and acti-
vate GHSR1a and thus seems to be devoid of any endocrine
activity, some studies reported that it exerts some nonendo-
crine activity including cardiovascular and antiproliferative
effects, probably by binding to a different receptor family.>*
Both ghrelin and nonacylated ghrelin can inhibit apoptosis
in primary adult cardiomyocytes, H9¢c2 cardiomyocytes, and
endothelial cells in vitro through activating extracellular sig-
nal-regulated kinase 1/2 and Akt serine kinase.® Furthermore,
ghrelin and nonacylated ghrelin recognize common high-
affinity binding sites on H9¢2 cardiomyocytes, which do not
express GHSR1a.® Controversially, in isolated rat hearts sub-
jected to 30 minutes of ischemia followed by 120 minutes of
reperfusion, triphenyltetrazolium chloride staining shows that
ghrelin significantly reduces infaret size, whereas nonacylated
ghrelin has no such cardiovasc ffect®

The regulation of ghrelin by acute 'f'éeding and chronic
energy balance is regarded as an adaptive physiologi-
cal response.” The levelyof ghrelin mRNA in the stom-
ach is increased by fasting and decreased by feeding.’*3!

Furth ¢, Circulating ghre evels are decreased in obese
individuals®**% aj ostpra 351In contrast, ghrelin is
in e 1 ,inpa S'Wwi xia nervosa,’¢>°

preprandially,®" and during conditions of food deprivation.*!
Pati i i i ilure have normal

-vels of ghrelin; and the tl‘ﬂ?ﬁ‘\nmm ] is significantly
higher in chronic heart failure patients with cachexia.* If rats

with chronic heart failure are treated with ghrelin, appropriate
weight gain and muscle/bone ratios can be maintained.”’

Ghrelin Receptors
Two cDNAs, GHSR 1a and GHSR1b, have been identified and
are generated by alternative splicing of a pre-mRNA.* The
GHSR1a cDNA encodes a receptor comprising 366 amino
acids and 7 transmembrane domains, whereas the GHSR1b
cDNA encodes a shorter form of the receptor, consisting of 289
amino acids and only 5 transmembrane domains.* The bind-
ing of ghrelin and growth hormone secretagogues to GHSR1a
activates the phospholipase C signaling pathway, leading to
an increase in inositol phosphate turnover and protein kinase
C activation and the subsequent release of Ca** from intracel-
lular stores.** GHSR1a activation also inhibits K* channels,
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allowing the entry of Ca** through voltage-gated L-type chan-
nels.*’#® Unlike GHSR1a, GHSR1b fails to bind and respond
to growth hormone secretagogues,* and its functional role
remains to be defined. Therefore, GHSR1a is thought to be
the primary ghrelin receptor. Data indicate the existence of
several other receptors, but they have not yet been identified.>¢

Studies focusing on the distribution of GHSRs showed a
notable concentration of these receptors in the hypothalamus—
pituitary region, consistent with its role in regulating growth
hormone release.*#-! More recent localization studies have
demonstrated that GHSRs are expressed in multiple periph-
eral organs and tissues such as the heart and aorta,**>>> stom-
ach and intestine,” pancreas,® kidney,'® as well as in different
human pituitary adenomas'>>* and endocrine neoplasms of
the lung,” stomach,' and pancreas.'**** Notable, however,
the primers used for reverse transcription polymerase chain
reaction are generally not designed to differentiate GHSR1a
from GHSR1b. These data are in accordance with those which
indicate that ghrelin has broader functions beyond the control
of growth hormone release and food intake.

Cardiovascular Activity
GHSR1a mRNA has been shown to be present in the heart and
aorta,>>’ cultured cardiomyocyte cell line, and human vascular
endothelial cells.® Specific binding sites for ghrelin have been
identified in rat hearts and human arteries, where the density of
ghrelin receptors is upregulated in response to atherosclerosis.*

Using immunoflu nalysis, we showed the existence
of GHSR1a in the myocardia of rats and mice. Costaining with
acetylcholine ester: erdbe S ogoest
that GHSR1a is lo ity to the vagal
nerve terminals i evidence
indicates that ghrelin has a cardi
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diac afterload, and increases cardiac output.”>*>®* In addition,
ghrelin potently improves energy balance, modulates the auto-
nomic nervous system, and directly acts on cardiomyocytes,
effects that are all beneficial for cardiovascular disease in ani-
mals and patients. These studies highlight the therapeutic poten-
tial of ghrelin in heart failure and myocardial infarction (MI).

Modulation of Autonomic Nervous Activity

Central Neural Modulation

Considerable data on the potential effects of ghrelin on auto-
nomic nervous modulation have been amassed.* The receptor
for ghrelin has been shown to localize in the main cardiovascular
control centers in neurons of the nucleus tractus solitarius, and
central administration of ghrelin attenuates renal and adipose
tissue sympathetic nervous activity (SNA).%*%368 Furthermore,
when ghrelin is microinjected into the nucleus of the solitary
tract, the region of the brain that is important for controlling the
autonomic nervous system, significant decreases in heart rate
and mean arterial pressure are observed.5

Peripheral Neural Modulation

Ghrelin receptors have been found on the vagal affer-
ent terminals in the stomach and heart,*'% and peripheral
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administration of ghrelin attenuates sympathetic tone and the
cardiac efferent firing rate.®*®'7° Ghrelin receptors are synthe-
sized in vagal afferent neurons and are transported to the affer-
ent terminals in the stomach. Ghrelin produced in the stomach
stimulates the gastric vagal afferent nerve that leads to the
nucleus tractus solitarius, influencing its neuronal activity
and increasing feeding behavior.®® Blocking the gastric vagal
afferent nerve by ligating the gastric vagal branch abolishes
ghrelin-induced feeding, growth hormone secretion, and acti-
vation of the neurons that produce neuropeptide Y and growth
hormone-releasing factor.” In another work, ghrelin signaling
in the nucleus tractus solitarius was shown to decrease the pre-
synaptic release of glutamate at the terminals of vagal affer-
ents.”! We showed that GHSR 1a is present in the myocardia of
rats and mice, where it is localized at or in proximity to vagal
nerve terminals in the heart.%*®' Blocking the vagal afferent
nerves by pretreating them with capsaicin, a toxin specific for
sensory afferent neurons, markedly attenuates the beneficial
effects of ghrelin treatment after MI, such as the inhibition of
cardiac SNA and arrhythmias and the improvement of prog-
noses.®! Similarly, the sympathoinhibitory effect of intrave-
nous ghrelin administration in postgastrectomy vagotomized
patients is abolished, suggesting that vagal sensory afferents
mediate the effects of periphgraltzlghr_erli_n.” Taken together,
these data suggest that peri lié‘lfa,fe'iin acts on the vagal
afferent nerves that send projections fo“the nucleus tractus
solitarius, resulting in a decrease of cardiac SNA.”

[ ]
my [atio utonomic nervous
ulating neurotransmitters.
ghrelin has been shown to

suppress MI-induced increases in plasma norepinephrine con-
centration.®® Furthermore, blood norepinephrine and epineph-
' onic administration
HRP-6.7* In ghre-
lin knockout mice, the plasma norepinephrine concentration is
~6-fold higher than in wild-type mice 30 minutes after ML
Two weeks after MI, the plasma epinephrine concentration
is still significantly higher in ghrelin knockout mice than in
wild-type mice, whereas both metoprolol and ghrelin treat-
ments significantly decrease the elevated levels of epinephrine
and norepinephrine in ghrelin knockout mice.”

Neurotransmitters

Direct Activity on Cardiomyocytes
In several studies, the effects of exogenous ghrelin were
assessed directly in cultured cardiomyocytes or isolated work-
ing hearts, rather than on the autonomic nervous system.®3%76-8
Perfusion of ghrelin after ischemia was shown to produce a
positive inotropic effect on ischemic cardiomyocytes through
activating the GHSR 1a receptor and protein kinase C signaling
cascade, protecting them from ischemia—reperfusion injury.’’
Through activating GHSR1a, ghrelin can effectively preserve
the electrophysiological properties of cardiomyocytes after
ischemia—reperfusion injury, inhibiting cardiomyocyte apop-
tosis and promoting cell survival.” In addition, both acylated
and nonacylated ghrelin are able to prevent cell death in cul-
tured H9¢2 cardiomyocytes and endothelial cells that have
been induced by doxorubicin, serum withdrawal, or activation
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by Fas ligand.*® These effects are possibly mediated through
binding an unidentified receptor and activating extracellular
signal-regulated kinase 1/2 and Akt serine kinase.® However,
ghrelin has also been reported to negligibly protect isolated
working hearts from ischemia in rats.%!

Ghrelin as a Therapeutic Agent

Heart Failure

In rats with chronic heart failure, ghrelin treatment attenu-
ates the development of left ventricle (LV) remodeling and
improves LV dysfunction as indicated by the increases in
cardiac output and LV fractional shortening.*> Ghrelin treat-
ment was also associated with a reduction in systemic vascu-
lar resistance, likely reflecting a decrease in the afterload.”’
Therefore, ghrelin has been proposed as therapy for patients
with heart failure. In fact, ghrelin administration significantly
decreases systemic vascular resistance and increases the car-
diac and stroke volume indexes of patients with chronic heart
failure.’>® Furthermore, intravenous administration of ghrelin
(2 pg/kg BID for 3 weeks) significantly improves LV ejec-
tion fraction from 27% to 31% and increases peak workload
and oxygen consumption during exercise while dramatically
decreasing plasma norepinephrine from 1132 to 655 pg/mL.*
Interestingly, these beneficial effects of ghrelin on heart fail-
ure are also observed in hypophysectomized rats,” suggesting
it has a minor role in the hypothalamus—pituitary axis.

Myocardial Infarction

The cardioprotective [effectstof exogenous ghrelin adminis-

nificantly attenuated
2 weeks), substantially decrease
and improves cardiac function, as indicated by dP/dfmax and

dP/dmin values.* The increasé in the morphometric collagen: + « - for the weatment of cardioyascular diseases.

volume fraction in the noninfarct eglons 1s also reduced, and
collagen I and IIIl mRNA levels are decreased by ghrelin treat-
ment.*® Notably, the infarction-induced increases in heart rate
and cardiac SNA are suppressed completely in ghrelin-treated
animals.®® Furthermore, ghrelin administration prevents
arrhythmias and reduces mortality in the acute phase after
MI. Using a neural recording technique, it has been shown
that early intervention by using one bolus of ghrelin prevents
the increase in cardiac SNA after acute MI. As a result, the
ghrelin-treated group was shown to have fewer arrhythmic
insults 2 to 3 hours after ML.”° Ghrelin administration also sig-
nificantly decreases the high mortality rate after MI (61% in
saline-treated versus 23% in ghrelin-treated rats).”

In ghrelin knockout mice, cardiac SNA, represented by the
ratio of low- to high-frequency power in heart rate variability
analyses, is markedly increased 18-fold over that observed in
wild-type mice 30 minutes after ML, resulting in a high inci-
dence of malignant arrhythmias and mortality in the acute
phase.®! Subcutaneous supply of exogenous ghrelin decreases
activated cardiac SNA and reduces the incidence of malignant
arrhythmias and mortality.®" Similarly, metoprolol treatment
in ghrelin knockout mice is associated with low mortality
resulting from malignant arrhythmias during the acute phase,
further demonstrating that the origin of these arrhythmias

el W
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relates to the imbalance in cardiac SNA.” Activation of car-
diac SNA, deterioration of heart function, and severe remodel-
ing are also manifested in ghrelin knockout mice 2 weeks after
MI, accounting for the high mortality, particularly in cases
that have been caused directly by heart failure.” Chronic treat-
ment with metoprolol or ghrelin, which is associated with car-
diac SNA inhibition and a decrease in plasma catecholamine
levels, improves heart dysfunction, remodeling, and mortal-
ity in ghrelin knockout mice.” Taken together, these findings
indicate that both exogenous and endogenous ghrelin are cru-
cial in balancing the autonomic nervous system, preventing
the incidence of arrhythmias, protecting cardiac function, and
improving remodeling and prognoses after acute MI.

Conclusions
As described above, existing evidence supports that ghrelin
can serve as a novel medication for cardiovascular diseases.
Because ghrelin is an endogenous hormone, it may be advan-
tageous over other drugs with respect to tolerance. We have
shown that the therapeutic dosage of ghrelin has little influ-
ence on baseline blood pressure, heart rate, and cardiac SNA.®!
In conscious rats after MI, acute administration of ghrelin
decreases the activated low- to high-frequency power ratio;
however, in sham-operated rats, _}heﬂ}(m—“_to high-frequency
power ratio and heart rate arﬁ? substantially affected by
ghrelin administration.” Similar phéfiomena are observed
in humans; although constant infusion of the physiological
dose of ghrelin for 1 hourilightly reduces blood pressure and

increases muscle sympathetic nervous activity at rest, it sig-
t

ni 1 the cardigvasetlaria thetic responses
mental Stres ‘in and ob ividulas.® These findings
i that ghrelin has a Stronger effect on the activated sym-

pathetic nervous system than on the nonactivated system.*
Thus, ghrelin seems to be a relatively safe therapeutic agent

However, ghrelin can act on GHSRS 1n the central nervous
system to promote feeding and adiposity*** and also act on
GHSRs in the pancreas to inhibit glucose-stimulated insulin
secretion. Long-term administration of ghrelin might pro-
mote weight gain and impair glucose tolerance and therefore be
contraindicated for uncontrolled obesity and diabetes mellitus.
Furthermore, ghrelin is an unstable natural peptide that is easily
transformed and degraded, potentially limiting its clinical use.

In summary, ghrelin administration has potent beneficial
effects on cardiovascular diseases. such as heart failure, MI,
and fatal arrhythmias, through various mechanisms including
direct actions on cardiovascular cells and modulation of the
autonomic nervous system. These results suggest the potential
suitability of ghrelin as a new therapeutic agent for cardiovas-
cular diseases. Additional studies elucidating the clinical effi-
cacy and safety, as well as the contribution of each mechanism
to the beneficial impact of ghrelin, are needed.

Disclosures
None.
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