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Ghrelin is a novel growth hormone (GH)-releasing peptide, isolated from theAbstract
stomach, which has been identified as an endogenous ligand for the GH secreta-
gogues receptor. The discovery of ghrelin indicates that the release of GH from
the pituitary might be regulated, not only by hypothalamic GH-releasing hor-
mone, but also by ghrelin derived from the stomach. Considering the
haemodynamic and anabolic effects of GH, ghrelin may have beneficial effects on
cardiac function and energy metabolism in heart failure through GH-dependent
mechanisms. On the other hand, ghrelin has some GH-independent actions:
ghrelin stimulates food intake and induces adiposity. Interestingly, ghrelin acts
directly on the CNS to decrease sympathetic nerve activity. It also inhibits
apoptosis of cardiomyocytes and endothelial cells. An experimental study has
shown that repeated administration of ghrelin improves cardiac structure and
function, and attenuates the development of cardiac cachexia in chronic heart
failure (CHF). These results suggest that ghrelin has cardiovascular effects and
regulates energy metabolism through GH-dependent and -independent mecha-
nisms. Thus, administration of ghrelin may be a new therapeutic strategy for the
treatment of severe CHF.

Heart failure is a major public health concern. ghrelin is a 28-amino-acid peptide containing an n-
Currently, there are 5 million Americans with con- octanoyl modification at serine 3 (figure 1a). Ghre-
gestive heart failure, with nearly 500 000 new cases lin stimulates GH secretion through a mechanism
every year.[1] In the past 10 years, several large- independent of hypothalamic GH-releasing hor-
scale, randomised clinical trials have shown that mone (GHRH). The biological actions of ghrelin are
ACE inhibitors and β-adrenoceptor antagonists (β- divided into GH-dependent effects and GH-inde-
blockers) reduce the risk of death in patients with pendent effects (figure 1b). GH and its mediator,
chronic heart failure (CHF).[2-9] Nevertheless, heart insulin-like growth factor (IGF)-1, are anabolic hor-
failure contributes to >250 000 deaths every year. mones that are involved in several physiological

Ghrelin is a novel growth hormone (GH)-releas- processes, such as the control of muscle mass and
ing peptide, isolated from the stomach, which has function, body composition and regulation of nutri-
been identified as an endogenous ligand for the GH ent metabolism.[11,12] In particular, the roles of GH
secretagogues (GHS) receptor (GHS-R).[10] Human and IGF-1 as modulators of myocardial structure
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Fig. 1. (a) Structure of human ghrelin. Human ghrelin is a 28-amino-acid peptide containing an n-octanoyl modification. (b) Biological
actions of ghrelin: growth hormone (GH)-dependent and -independent mechanisms. (c) Stimulation of GH release by GH-releasing
hormone (GHRH) and ghrelin. GHRH acts on the GHRH receptor (GHRH-R) through a cyclic adenosine monophosphate (cAMP)-
dependent mechanism, whereas ghrelin and GH secretagogues (GHS) bind to the GHS receptor (GHS-R), followed by the release of Ca2+

from intracellular stores. Ghrelin also stimulates GHRH production. ↑ indicates increase.

and function are well established.[13] Patients with shown to prevent cardiac damage after ischaemia-
reperfusion in hypophysectomised rats;[18] (iii) ghre-GH deficiency have abnormalities of cardiac struc-
lin inhibits apoptosis of cardiomyocytes and endo-ture and function, such as reduced cardiac mass and
thelial cells in vitro;[19] (iv) intravenous injection ofimpaired diastolic filling. GH supplementation has
ghrelin decreases arterial pressure and increases car-beneficial effects on myocardial structure and func-
diac output in healthy humans;[17] and (v) ghrelintion in some patients with CHF.[14-16] Thus, GH and
acts directly on the CNS to decrease sympatheticIGF-1 play a role as anabolic hormones in the regu-
nerve activity.[20,21] These findings raise the possi-lation of cardiac development and performance.
bility that administration of ghrelin may have bene-Considering the haemodynamic and anabolic effects
ficial haemodynamic effects in patients with CHF.of GH/IGF-1, ghrelin may have beneficial effects on

left ventricular (LV) function and energy metabo- In patients with end-stage CHF, LV dysfunction
lism in CHF through GH-dependent mechanisms. as well as cardiac cachexia are observed.[22-24] Cardi-
On the other hand, ghrelin may have direct cardio- ac cachexia, which is a catabolic state characterised
vascular and metabolic effects through GH-indepen- by weight loss and muscle wasting, is associated
dent mechanisms: (i) GHS-R messenger RNA with hormonal changes and cytokine activation in
(mRNA) is detected not only in the hypothalamus patients with CHF.[23-29] Importantly, the presence of
and pituitary, but also in the heart and blood ves- cardiac cachexia is a strong independent risk factor
sels;[17] (ii) stimulation of the GHS-R has been for mortality in patients with CHF.[30] Thus, cardiac
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cachexia and LV dysfunction are both therapeutic dent mechanism (figure 1c). On the other hand,
targets in the treatment of CHF. GHS bind to the GHS-R and activate phospholipase

C, leading to increased inositol phosphate turnoverInterestingly, peripheral and intracerebroven-
and protein kinase C activation, followed by thetricular administration of ghrelin have been shown
release of Ca2+ from intracellular stores. Usingto stimulate food intake and increase bodyweight
GHS-R-expressing cells to monitor intracellularthrough GH-independent mechanisms.[31] In addi-
Ca2+ concentration, Kojima et al.[10] found that thetion, ghrelin decreases fat utilisation and increases
GHS-R was activated by stomach extracts. Thus,carbohydrate utilisation through a GH-independent
ghrelin, an endogenous ligand specific for the GHS-mechanism.[32] Taking these results together with
R, was successfully isolated from the human and ratthe GH-dependent anabolic effects of ghrelin, this
stomach in December 1999.[10] Human ghrelin ispeptide may cause a positive energy balance in CHF
homologous to rat ghrelin apart from two aminothrough GH-dependent and -independent mecha-
acids.nisms. Thus, ghrelin may be used as an anti-cachec-

tic drug. This article summarises the therapeutic
potential of ghrelin in the treatment of CHF. 2. Production and Distribution of Ghrelin

and its Receptor
1. Growth Hormone (GH)

Ghrelin is produced mainly in the stomach. ToSecretagogues and the Discovery
date, four types of endocrine cells (the enter-of Ghrelin
ochromaffin-like cells, the D cells, the enter-

In addition to the physiological stimulation by ochromaffin cells and X/A-like cells have been
GHRH, release of GH from the pituitary is stimulat- identified in the oxyntic mucosa of the stomach.[38]

ed by small synthetic molecules called GHS.[33-35] Date et al.[39] have reported that the X/A-like cells)
They act through the GHS-R, a G-protein-coupled whose hormonal product had not previously been
receptor,[36] for which the ligand was unknown until clarified, secrete ghrelin. Ghrelin is not secreted into
the discovery of ghrelin. GHS are synthetic peptidyl the gastrointestinal tract but is rather secreted into
and non-peptidyl molecules that have strong, dose- the blood vessels. Thus, the plasma ghrelin level is
dependent GH-releasing activities in vivo. GHS are relatively high (100–120 fmol/mL).[40] The plasma
a heterogenous group but they have the following ghrelin level falls markedly following gastrecto-
common characteristics: GHS are synthetic sub- my.[41,42] Ghrelin is also produced in the small and
stances, they stimulate GH release from the pituita- large intestines and is detected in a limited region of
ry, and they act through the GHS-R but not the the hypothalamic arcuate nucleus that is involved in
GHRH receptor. The GHS family includes peptidyl the regulation of food intake.[10] These results sug-
molecules such as SKF 110679 (GH releasing pep- gest that ghrelin serves as a circulating factor as well
tide-6) and examorelin (hexarelin), and non-peptidyl as an autocrine/paracrine factor.
molecules such as L 692429 and ibutamoren Before the discovery of the endogenous ligand, a
(MK 0677). In 1995, Merck & Co. discovered specific receptor for ghrelin, GHS-R, was discov-
ibutamoren, which has good bioavailability and ered in 1996 using a cloning strategy.[36] The GHS-R
long-lasting effects after oral administration.[37] is a G-protein-coupled receptor with seven trans-
These GHS compounds have entered clinical trials membrane domains that is present in a variety of
for therapeutic indications that include idiopathic tissues including the pituitary and hypothalamus,
GH deficiency states, stimulation of anabolic and is distinct from the GHRH receptor. Interesting-
processes in the elderly and supportive therapy in ly, the GHS-R is detected in the cardiac ventricles
catabolic wasting conditions. and blood vessels, suggesting that ghrelin may cause

GHRH acts on the GHRH receptor through a cardiovascular effects through GH-independent
cyclic adenosine monophosphate (cAMP)-depen- mechanisms.
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3. Regulation of Ghrelin Secretion and ghrelin levels may represent a compensatory mecha-
the Circulating Ghrelin Level nism under conditions of anabolic/catabolic imbal-

ance in cachectic patients with CHF. As the majority
Ghrelin is secreted from the stomach and circu- of ghrelin is produced by X/A-like cells in the

lates in the bloodstream.[40] The ghrelin level in the stomach,[39] it is interesting to speculate that the
blood and mRNA levels in the stomach are in- stomach has a role as an endocrine organ in the
creased by fasting and decreased by feeding.[43-47] regulation of energy balance.
Oral or intravenous administration of glucose is

4. Biological Actionsassociated with a decrease in the plasma ghrelin
level.[32,48] In addition, the plasma ghrelin level is

The biological effects of ghrelin can be divideddecreased by ingestion of meals containing high
into GH-dependent effects and GH-independent ef-concentrations of lipids and increased by meals low
fects, including orexigenic effects, inhibition of cellin protein.[49] Because gastric distention caused by
apoptosis, attenuation of sympathetic nerve activa-water intake does not change the plasma ghrelin
tion, haemodynamic effects and gastrointestinallevel, mechanical distention of the stomach cannot
functions (figure 1b and figure 2).be the cause of ghrelin release.[32] The plasma ghre-

lin level is low in obese people and high in lean
4.1 GH-Releasing Activity

people.[50,51] Furthermore, the plasma ghrelin level is
increased in patients with either bulimia nervosa[52] Ghrelin has been shown to increase GH release in
or anorexia nervosa,[53,54] but returns to basal levels a dose-dependent manner.[57] Intravenous injection
following weight gain and recovery from the latter of ghrelin markedly increased circulating GH levels
disease.[53,54] in rats and humans, with greater potency than

To examine the pathophysiological significance GHRH.[58] The peak level of GH occurred at 15–20
of ghrelin in CHF, we determined the plasma ghrelin minutes after a bolus of ghrelin, and the elevation of
level in 74 patients with CHF (LV ejection fraction the GH level lasted for longer than 60 minutes.[17]

28% ± 1%).[55] The plasma ghrelin level did not
significantly differ between patients with CHF and
control subjects; however, the plasma ghrelin level
was significantly higher in patients with CHF who
had cachexia than in those without cachexia
(237 ± 18 vs 147 ± 10 fmol/mL; p < 0.001). Ghrelin
stimulates secretion of GH, which is an anabolic
hormone that is essential for skeletal and myocardial
growth and metabolic homeostasis.[11,12] Recent
studies have shown that peripheral administration of
ghrelin induces weight gain by decreasing fat
utilisation and increasing carbohydrate utilisation
through a GH-independent mechanism.[32] In addi-
tion, ghrelin has been shown to elicit potent, long-
lasting stimulation of food intake via activation of
neuropeptide Y (NPY) neurons in the hypothalamic
arcuate nucleus.[31,56] Thus, ghrelin causes a positive
energy balance, not only by stimulating GH release,
but also by stimulating food intake and decreasing
fat utilisation through GH-independent mecha-
nisms. These results suggest that increased plasma
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   output ↑

• GH/IGF-1 ↑
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   growth

• Fat utilisation ↓
   Anabolic effects
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Fig. 2. A schematic illustration of various biological functions of
ghrelin. GH = growth hormone; IGF-1 = insulin-like growth factor-1;
↑ indicates increase; ↓ indicates decrease.
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These results suggest that ghrelin elicits potent, was reversed by co-injection of ghrelin in a dose-
long-lasting GH release. A recent study demonstrat- dependent manner.[56] In summary, ghrelin is an
ed that blockade of the gastric vagal afferents atten- orexigenic peptide that antagonises the action of
uated ghrelin-induced feeding and GH secretion.[59] leptin through activation of the hypothalamic NPY/
In addition, this study showed that ghrelin receptors Y1 receptor pathway.
were synthesised in vagal afferent neurons and

4.3 Inhibition of Cell Apoptosistransported to the afferent terminals. These findings
suggest that gastric vagal afferents are the major

The endocrine activities of ghrelin are entirely
pathway conveying ghrelin signals for GH secretion

dependent on its acylation and are mediated by the
and starvation to the brain. Furthermore, recent stud-

GHS-R. Des-acyl ghrelin, which is far more abun-
ies[60-62] have demonstrated the interaction between

dant than ghrelin, does not bind to the GHS-R, is
the ghrelin/GHS-R and GHRH/GHRH receptor sys-

devoid of any endocrine activity and its function is
tems. Coadministration of ghrelin and GHRH has a

currently unknown. Recently, Baldanzi et al.[19]

synergistic effect on GH secretion.[60] Ghrelin regu-
showed that both ghrelin and des-acyl ghrelin inhibit

lates the production of GHRH via the hypothalamic
apoptosis of primary adult and H9c2 cardiomyo-

GHS-R.[61] In particular, Gq/11 signaling is critical-
cytes and endothelial cells in vitro through activa-

ly involved in the regulation of hypothalamic
tion of extracellular signal-regulated kinase-1/2 and

GHRH production.[62] Ghrelin potentiates GHRH-
Akt serine kinases. In addition, ghrelin and des-acyl

induced cAMP production in cells expressing
ghrelin recognise common high-affinity binding

GHRH and GHS-R, which may be attributable to
sites on H9c2 cardiomyocytes, which do not express

direct interactions between the GHS-R and GHRH
GHS-R. Finally, both ibutamoren and examorelin, a

receptor.[63] These findings suggest that ghrelin
nonpeptidyl and a peptidyl synthetic GHS, respec-

stimulates GH release predominantly via activation
tively, recognise the common ghrelin and des-acyl

of GHS-R but also partially via enhancement of the
ghrelin binding sites, inhibit cell death, and activate

GHRH/GHRH receptor system (figure 1c).
mitogen-activated protein kinase and Akt. These
findings provide the evidence that, independent of

4.2 Orexigenic Effects its acylation, the ghrelin gene product may directly
act as a survival factor for the cardiovascular system

Ghrelin is the first appetite-stimulatory peptide
through binding to a novel, yet to be identified

isolated from the stomach. The appetite-stimulatory
receptor that is distinct from the GHS-R.

nature of ghrelin is suggested by the findings that the
ghrelin level in the blood and mRNA level in the 4.4 Attenuation of Sympathetic
stomach are increased and decreased by fasting and Nerve Activity
feeding, respectively,[43] and also that hypergly-
caemia suppresses the circulating ghrelin level.[48] In Microinjection of ghrelin into the nucleus of the
fact, peripheral and intracerebroventricular adminis- solitary tract of rats and rabbits has been shown to
tration of ghrelin stimulated food intake and in- suppress renal sympathetic nerve activity and signif-
creased body weight in normal rats and in GH- icantly decrease mean arterial pressure and heart
deficient dwarf rats.[31,32,64,65] The hypothalamic ar- rate.[20,21] Pretreatment with an intravenous injection
cuate nucleus is the main active site of ghrelin. of pentolinium, a ganglion-blocking agent, eliminat-
Hypothalamic NPY mRNA expression was in- ed these cardiovascular responses; however, pre-
creased in rats that received intracerebroventricular treatment with an intravenous injection of atropine,
injection of ghrelin.[56] The orexigenic effect of an antagonist of muscarinic acetylcholine receptors,
ghrelin was abolished dose-dependently by co-in- failed to prevent them.[21] Immunohistochemical
jection with an NPY Y1 receptor antagonist. Inter- analysis revealed that the GHS-R was expressed in
estingly, leptin-induced inhibition of food intake the neuronal cells of the nucleus of the solitary tract
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and the dorsal motor nucleus of the vagus nerve, but 4.6 Chronic Haemodynamic Effects
not in the cells of the area postrema. These results
suggest that ghrelin acts at the nucleus of the solitary GH and IGF-1 are essential for skeletal and myo-
tract to suppress sympathetic activity and to de- cardial growth.[11,12] Earlier studies have shown that
crease arterial pressure in rats and rabbits. GH supplementation may have beneficial effects on

myocardial structure and function in some patients
with CHF.[14-16] Treatment with ghrelin 100 µg/kg

4.5 Acute Haemodynamic Effects twice daily for 3 weeks significantly increased cir-
culating IGF-1 levels in rats with CHF.[68] Repeated
administration of ghrelin increased posterior wallGHS-R mRNA is detectable in the heart and
thickness, inhibited progressive LV enlargementblood vessels in rats and humans.[17,66] To clarify
and, thereby, reduced LV wall stress.[68] These find-whether ghrelin has direct vasodilatory effects in
ings suggest that ghrelin improves cardiac structure,humans, the response of forearm bloodflow to intra-
at least in part through GH/IGF-1-dependent mecha-arterial infusion of ghrelin was examined using a
nisms.

plethysmograph. Using this technique, ghrelin was
seen to increase forearm blood flow in a dose-

4.7 Gastrointestinal Functionsdependent manner.[67] A single injection of ghrelin
significantly decreased mean arterial pressure in rats
both with and without CHF.[68] This hypotensive Intravenous administration of ghrelin increases
effect was also observed in GH-deficient rats. Inter- gastric acid secretion and stimulates gastric motili-
estingly, Wiley and Davenport[69] have demonstrat- ty.[71,72] The maximum gastric acid response to ghre-
ed that ghrelin induces vasodilation in isolated lin is almost as high as that elicited by subcutaneous
human endothelium-denuded arteries. This result treatment with histamine. These responses to ghrelin
suggests that ghrelin is an endothelium-independent can be abolished by pretreatment with either atro-

pine or bilateral cervical vagotomy, but not by pre-vasodilator. In patients with CHF, intravenous infu-
treatment with a histamine H2-receptor antagonist.sion of human ghrelin significantly decreased mean
Intracerebroventricular administration of ghrelin al-arterial pressure without a significant change in
so increases gastric acid secretion[73] and induces c-heart rate.[70] The hypotensive effect of ghrelin may
fos expression in the nucleus of the solitary tract andbe explained by its direct vasodilatory effect[68,69]

the dorsomotor nucleus of the vagus nerve. Theseand inhibition of sympathetic nerve activity.[20,21]

findings indicate that the ability of ghrelin to stimu-Ghrelin significantly increased cardiac index
late gastric acid secretion is mediated by activation(+25%; p < 0.05) and stroke volume index (+30%,
of the vagus nerve.p < 0.05) in patients with CHF. In vitro, fractional

cell shortening was not significantly altered by 1, 10
and 10 pmol/mL doses of ghrelin, suggesting that 5. Therapeutic Potential of Ghrelin in
ghrelin has no direct inotropic effect. Thus, the Treatment of Chronic Heart Failure
increase in cardiac index may be attributable to a fall
in cardiac afterload and an inotropic effect of GH. Both ventricular dysfunction and cachectic con-
Infusion of ghrelin did not significantly alter urine ditions are therapeutic targets in CHF. A variety of
volume, urinary sodium excretion or creatinine GH-dependent and -independent actions of ghrelin
clearance.[70] These results suggest that intravenous indicate its therapeutic potential in the treatment of
infusion of ghrelin, a potent GH-releasing peptide, CHF. This section focuses on the effects of repeated
had beneficial haemodynamic effects in patients administration of ghrelin on cardiac function and
with CHF in the absence of renal effects. cardiac cachexia in CHF.
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5.1 Improvement in Cardiac Function

As GH and IGF-1 are essential for skeletal and
myocardial growth and metabolic homeostasis,[11,12]

and earlier studies had shown that GH supplementa-
tion may have beneficial effects on myocardial
structure and function,[14-16] we investigated the ef-
fects of ghrelin on LV function, exercise capacity
and muscle wasting in patients with CHF.[74] Human
synthetic ghrelin 2 µg/kg twice daily was intrave-
nously administered to patients with CHF for 3
weeks. Ghrelin increased LV ejection fraction in
association with an increase in LV mass and a
decrease in LV end-systolic volume (both p < 0.05).
Treatment with ghrelin increased peak workload
and peak oxygen consumption during exercise (both
p < 0.05). These preliminary results suggest that

Chronic heart failure

Feeding
Adiposity

GH release

Ghrelin

Anti-apoptotic
effect

Cardiac
cachexia

Cardiac
dysfunction

Vasodilation
Muscle
growth

Muscle
growth

Inhibition of
sympathetic

nerve activity

Inhibition of
sympathetic
nerve activity

GH-dependent effect
GH-independent effect

Fig. 3. Characteristics of end-stage heart failure and therapeutic
effects of ghrelin. Left ventricular (LV) dysfunction and cardiac ca-
chexia are often observed in patients with severe heart failure.
Ghrelin improves LV dysfunction and attenuates the development
of cardiac cachexia through a growth hormone (GH)-dependent
mechanism and GH-independent mechanisms: inhibition of sympa-
thetic nerve activity, stimulation of feeding, adiposity, vasodilation
and antiapoptotic effects.

repeated administration of ghrelin improves LV
function and exercise capacity in patients with CHF.

5.2 Attenuation of Cardiac Cachexia
As reported in section 4.6, ghrelin also increased
posterior wall thickness, inhibited progressive LV

In cachetic patients, 3 weeks of administration of
enlargement and, thereby, reduced LV wall stress in ghrelin tended to increase bodyweight and signifi-
rats with CHF.[68] GH and IGF-1 have been shown cantly increased lean body mass.[74] It also increased
to enhance physiological compensatory hypertrophy bodyweight, lean body mass and respiratory muscle
in rats with CHF, resulting in a decrease in LV wall strength in cachectic patients with chronic obstruc-
stress, which in turn leads to an improvement in tive pulmonary disease.[75] These results suggest that
cardiac function.[75] Thus, ghrelin may also improve ghrelin may have beneficial effects on cachexia.
cardiac function through GH-dependent mecha- Considering ghrelin-stimulated GH release, these

effects may be mediated, at least in part, by GH/nisms. On the other hand, ghrelin inhibits apoptosis
IGF-1, which is essential for muscle growth. Earlierof cardiomyocytes and endothelial cells through ac-
studies have shown that ghrelin induces orexigenictivation of extracellular signal-regulated kinase-1/2
effects via activation of NPY neurons in the hypo-and Akt serine kinases,[19] implying that improve-
thalamic arcuate nucleus,[31,56] and that intravenousment in cardiac function may be related to direct
administration of ghrelin increased food intake ineffects of ghrelin on myocardium. Importantly,
patients with CHF, which may contribute to anabol-ghrelin significantly decreased plasma
ic effects of ghrelin.[74] Although many animal stud-

norepinephrine in patients with CHF.[74] Thus, the
ies have documented beneficial effects of GH in

inhibitory effects of ghrelin on sympathetic nerve CHF,[76] controlled studies in humans have not
activity[20,21] may contribute to a decrease in plasma shown a benefit with treatment.[77,78] Nevertheless,
norepinephrine, which may have beneficial effects ghrelin may have additional therapeutic potential
on cardiac performance in patients with CHF. Fur- because it has GH-independent effects such as atten-
ther studies are necessary to determine which ac- uation of sympathetic nerve activities, vasodilatory
tions of ghrelin are major contributors to improved actions, inhibition of cell apoptosis and orexigenic
cardiac function. effects. Thus, administration of ghrelin may be a

 2006 Adis Data Information BV. All rights reserved. Drugs 2006; 66 (4)



446 Nagaya & Kangawa

9. Packer M, Coats AJ, Fowler MB, et al. Effect of carvedilol onnew therapeutic approach to the treatment of cardiac
survival in severe chronic heart failure. N Engl J Med 2001;

cachexia (figure 3). 344: 1651-8
10. Kojima M, Hosoda H, Date Y, et al. Ghrelin is a growth-

hormone-releasing acylated peptide from stomach. Nature6. Conclusions
1999; 402: 656-60

11. Amato G, Carella C, Fazio S, et al. Body composition, boneGhrelin has cardiovascular effects and regulates
metabolism, heart structure and function in growth hormone

energy metabolism through GH-dependent and GH- deficient adults before and after growth hormone replacement
therapy at low doses. J Clin Endocrinol Metab 1993; 77:independent mechanisms. Exogenously adminis-
1671-6tered ghrelin improves LV dysfunction and attenu- 12. Fuller J, Mynett JR, Sugden PH. Stimulation of cardiac protein

ates the development of cardiac cachexia in CHF. synthesis by insulin-like growth factors. Biochem J 1992; 282:
85-90Thus, supplementation of ghrelin may be a new

13. Volterrani M, Manelli F, Cicoira M, et al. Role of growth
therapeutic approach to the treatment of CHF. How- hormone in chronic heart failure: therapeutic implications.

Drugs 2000; 60: 711-9ever, large-scale, double-blind, randomised, place-
14. Yang R, Bunting S, Gillett N, et al. Growth hormone improvesbo-controlled studies are needed to confirm this.

cardiac performance in experimental heart failure. Circulation
1995; 92: 262-7

Acknowledgements 15. Cittadini A, Stromer H, Katz SE, et al. Differential cardiac
effects of growth hormone and insulin-like growth factor-1 in

This work was supported by a research grant for Cardio- the rat: a combined in vivo and in vitro evaluation. Circulation
1996; 93: 800-9vascular Disease (16C-6) from the Ministry of Health, Labour

16. Fazio S, Sabatini D, Capaldo B, et al. A preliminary study ofand Welfare, and by the Program for Promotion of Funda-
growth hormone in the treatment of dilated cardiomyopathy. Nmental studies in Health Sciences of the national Institute of
Engl J Med 1996; 334: 809-14Biomedical Innovation (NIBIO). The authors did not receive

17. Nagaya N, Kojima M, Uematsu M, et al. Hemodynamic andfunding for the preparation of this manuscript and have no hormonal effects of human ghrelin in healthy volunteers. Am J
potential conflicts of interest related to its contents. Physiol 2001; 280: R1483-7

18. Locatelli V, Rossoni G, Schweiger F, et al. Growth hormone-
independent cardioprotective effects of hexarelin in the rat.References Endocrinology 1999; 140: 4024-31

1. Packer M, Cohn JN. Consensus recommendations for the man-
19. Baldanzi G, Filigheddu N, Cutrupi S, et al. Ghrelin and des-acylagement of chronic heart failure. Am J Cardiol 1999; 83

ghrelin inhibit cell death in cardiomyocytes and endothelialSuppl.: 1-38A
cells through ERK1/2 and PI 3-kinase/AKT. J Cell Biol 2002;

2. Effect of ramipril on mortality and morbidity of survivors of 159: 1029-37
acute myocardial infarction with clinical evidence of heart

20. Matsumura K, Tsuchihashi T, Fujii K, et al. Central ghrelinfailure: the Acute Infarction Ramipril Efficacy (AIRE) Study
modulates sympathetic activity in conscious rabbits. Hyperten-Investigators. Lancet 1993; 342: 821-8
sion 2002; 40: 694-93. Ambrosioni E, Borghi C, Magnani B. The effect of the angioten-

21. Lin Y, Matsumura K, Fukuhara M, et al. Ghrelin acts at thesin-converting-enzyme inhibitor zofenopril on mortality and
nucleus of the solitary tract to decrease arterial pressure in rats.morbidity after anterior myocardial infarction: the Survival of
Hypertension 2004; 43: 977-82Myocardial Infarction Long-Term Evaluation (SMILE) Study

22. Dec GW, Fuster V. Idiopathic dilated cardiomyopathy. N Engl JInvestigators. N Engl J Med 1995; 332: 80-5
Med 1994; 331: 1564-754. Kober L, Torp-Pedersen C, Carlsen JE, et al. A clinical trial of

23. Pittman JG, Cohen P. The pathogenesis of cardiac cachexia. Nthe angiotensin-converting-enzyme inhibitor trandolapril in
Engl J Med 1964; 271: 403-9patients with left ventricular dysfunction after myocardial in-

24. Anker SD, Coats AJS. Cardiac cachexia: a syndrome withfarction. Trandolapril Cardiac Evaluation (TRACE) Study
impaired survival and immune and neuroendocrine activation.Group. N Engl J Med 1995; 333: 1670-6
Chest 1999; 115: 836-475. Pitt B, Segal R, Martinez FA, et al. Randomised trial of losartan

25. Levine B, Kalman J, Mayer L, et al. Elevated circulating levelsversus captopril in patients over 65 with heart failure (Evalua-
of tumor necrosis factor in severe chronic heart failure. N Engltion of Losartan in the Elderly Study, ELITE). Lancet 1997;
J Med 1990; 323: 236-41349: 747-52

26. McMurray J, Abdullah I, Dargie HJ, et al. Increased concentra-6. Cohn JN, Tognoni G. A randomized trial of the angiotensin-
tions of tumor necrosis factor in ‘cachectic’ patients withreceptor blocker valsartan in chronic heart failure. N Engl J
severe chronic heart failure. Br Heart J 1991; 66: 356-8Med 2001; 345: 1667-75

27. Dutka DP, Elborn JS, Delamere F, et al. Tumour necrosis factor7. Packer M, Bristow MR, Cohn JN, et al. The effect of carvedilol
alpha in severe congestive cardiac failure. Br Heart J 1993; 70:on morbidity and mortality in patients with chronic heart
141-3failure: U.S. Carvedilol Heart Failure Study Group. N Engl J

Med 1996; 334: 1349-55 28. Anker SD, Chua TP, Ponikowski P, et al. Hormonal changes
8. Gottlieb SS, McCarter RJ, Vogel RA. Effect of beta-blockade and catabolic/anabolic imbalance in chronic heart failure and

on mortality among high-risk and low-risk patients after myo- their importance in cardiac cachexia. Circulation 1997; 96:
cardial infarction. N Engl J Med 1998; 339: 489-97 526-34

 2006 Adis Data Information BV. All rights reserved. Drugs 2006; 66 (4)



Therapeutic Potential of Ghrelin in Heart Failure 447

29. Niebauer J, Pflaum CD, Clark AL, et al. Deficient insulin-like 49. Broglio F, Benso A, Gottero C, et al. Effects of glucose, free
growth factor I in chronic heart failure predicts altered body fatty acids or arginine load on the GH-releasing activity of
composition, anabolic deficiency, cytokine and ghrelin in humans. Clin Endocrinol (Oxf) 2002; 57: 265-71
neurohormonal activation. J Am Coll Cardiol 1998; 32: 393-7 50. Tschop M, Weyer C, Tataranni PA, et al. Circulating ghrelin

30. Anker SD, Ponikowski P, Varney S, et al. Wasting as indepen- levels are decreased in human obesity. Diabetes 2001; 50:
dent risk factor for mortality in chronic heart failure. Lancet 707-9
1997; 349: 1050-3 51. Cummings DE, Shannon MH. Roles for ghrelin in the regulation

31. Nakazato M, Murakami N, Date Y, et al. A role for ghrelin in the of appetite and body weight. Arch Surg 2003; 138: 389-96
central regulation of feeding. Nature 2001; 409: 194-8 52. Tanaka M, Naruo T, Muranaga T, et al. Increased fasting plasma

32. Tschop M, Smiley DL, Heiman ML. Ghrelin induces adiposity ghrelin levels in patients with bulimia nervosa. Eur J Endocri-
in rodents. Nature 2000; 407: 908-13 nol 2002; 146: R1-3

33. Deghenghi R, Cananzi MM, Torsello A, et al. GH-releasing 53. Otto B, Cuntz U, Fruehauf E, et al. Weight gain decreases
activity of hexarelin. A new growth hormone releasing pep- elevated plasma ghrelin concentrations of patients with an-
tide, in infants and adult rats. Life Sci 1994; 54: 1321-8 orexia nervosa. Eur J Endocrinol 2001; 145: 669-73

34. Locatelli V, Torsello A. Growth hormone secretagogues: focus 54. Cuntz U, Fruhauf E, Wawarta R, et al. A role for the novel
on the growth hormone releasing peptides. Pharmacol Res weight-regulating hormone ghrelin in anorexia nervosa. Am
1997; 36: 415-23 Clin Lab 2002; 21: 22-3

35. Smith RG, Cheng K, Schoen WR, et al. A nonpeptidyl growth 55. Nagaya N, Uematsu M, Kojima M, et al. Elevated circulating
hormone secretagogue. Science 1993; 260: 1640-3 level of ghrelin in cachexia associated with chronic heart

36. Howard AD, Fieghner SD, Cully DF, et al. A receptor in failure: relationships between ghrelin and anabolic/catabolic
pituitary and hypothalamus that functions in growth hormone factors. Circulation 2001; 104: 2034-8
release. Science 1996; 273: 974-7

56. Shintani M, Ogawa Y, Ebihara K, et al. Ghrelin, an endogenous
37. Patchett AA, Nargund RP, Tata JR, et al. Design and biological growth hormone secretagogue, is a novel orexigenic peptide

activities of L-163,191 (MK-0677): a potent, orally active that antagonizes leptin action through the activation of hypo-
growth hormone secretagogue. Proc Natl Acad Sci U S A thalamic neuropeptide Y/Y1 receptor pathway. Diabetes 2001;
1995; 92: 7001-5 50: 227-32

38. Sachs G, Zeng N, Prinz C. Physiology of isolated gastric endo- 57. Takaya K, Ariyasu H, Kanamoto N, et al. Ghrelin strongly
crine cells. Annu Rev Physiol 1997; 59: 234-56 stimulates growth hormone (GH) release in humans. J Clin

39. Date Y, Kojima M, Hosoda H, et al. Ghrelin, a novel growth Endocrinol Metab 2000; 85: 4908-11
hormone-releasing acylated peptide, is synthesized in a distinct

58. Arvat E, Di Vito L, Broglio F, et al. Preliminary evidence thatendocrine cell type in the gastrointestinal tracts of rats and
Ghrelin, the natural GH secretagogue (GHS)-receptor ligand,humans. Endocrinology 2000; 141: 4255-61
strongly stimulates GH secretion in humans. J Endocrinol

40. Hosoda H, Kojima M, Matsuo H, et al. Ghrelin and des-acyl Invest 2000; 23: 493-5
ghrelin: two major forms of rat ghrelin peptide in gastrointesti-

59. Date Y, Murakami N, Toshinai K, et al. The role of the gastricnal tissue. Biochem Biophys Res Commun 2000; 279: 909-13
afferent vagal nerve in ghrelin-induced feeding and growth

41. Ariyasu H, Takaya K, Tagami T, et al. Stomach is a major
hormone secretion in rats. Gastroenterology 2002; 123: 1120-8

source of circulating ghrelin, and feeding state determines
60. Hataya Y, Akamizu T, Takaya K, et al. A low dose of ghrelinplasma ghrelin-like immunoreactivity levels in humans. J Clin

stimulates growth hormone (GH) release synergistically withEndocrinol Metab 2001; 86: 4753-8
GH-releasing hormone in humans. J Clin Endocrinol Metab42. Cummings DE, Weigle DS, Frayo RS, et al. Plasma ghrelin
2001; 86: 4552levels after diet-induced weight loss or gastric bypass surgery.

61. Korbonits M, Goldstone AP, Gueorguiev M, et al. Ghrelin: aN Engl J Med 2002; 346: 1623-30
hormone with multiple functions. Front Neuroendocrinol43. Toshinai K, Mondal MS, Nakazato M, et al. Upregulation of
2004; 25: 27-68 Reviewghrelin expression in the stomach upon fasting, insulin-in-

62. Wettschureck N, Moers A, Wallenwein B, et al. Loss of Gq/11duced hypoglycemia, and leptin administration. Biochem Bi-
family G proteins in the nervous system causes pituitary so-ophys Res Commun 2001; 281: 1220-5
matotroph hypoplasia and dwarfism in mice. Mol Cell Biol44. Cummings DE, Purnell JQ, Frayo RS, et al. A preprandial rise in
2005; 25: 1942-8plasma ghrelin levels suggests a role in meal initiation in

63. Cunha SR, Mayo KE. Ghrelin and growth hormone (GH) secre-humans. Diabetes 2001; 50: 1714-9
tagogues potentiate GH-releasing hormone (GHRH)-induced45. Ravussin E, Tschop M, Morales S, et al. Plasma ghrelin concen-
cyclic adenosine 3’,5’-monophosphate production in cells ex-tration and energy balance: overfeeding and negative energy
pressing transfected GHRH and GH secretagogue receptors.balance studies in twins. J Clin Endocrinol Metab 2001; 86:
Endocrinology 2002; 143: 4570-824547-51

64. Wren AM, Small CJ, Ward HL, et al. The novel hypothalamic46. Tschop M, Wawarta R, Riepl RL, et al. Post-prandial decrease
peptide ghrelin stimulates food intake and growth hormoneof circulating human ghrelin levels. J Endocrinol Invest 2001;
secretion. Endocrinology 2000; 141: 4325-824: RC19-21

65. Asakawa A, Inui A, Kaga T, et al. Ghrelin is an appetite-47. Sugino T, Hasegawa Y, Kikkawa Y, et al. A transient ghrelin
stimulatory signal from stomach with structural resemblancesurge occurs just before feeding in a scheduled meal-fed sheep.
to motilin. Gastroenterology 2001; 120: 337-45Biochem Biophys Res Commun 2002; 295: 255-60

48. Nakagawa E, Nagaya N, Okumura H, et al. Hyperglycaemia 66. Katugampola SD, Pallikaros Z, Davenport AP. 125I-His(9)]-
suppresses the secretion of ghrelin, a novel growth-hormone- ghrelin, a novel radioligand for localizing GHS orphan recep-
releasing peptide: responses to the intravenous and oral admin- tors in human and rat tissue: up-regulation of receptors with
istration of glucose. Clin Sci (Lond) 2002; 103: 325-8 athersclerosis. Br J Pharmacol 2001; 134: 143-9

 2006 Adis Data Information BV. All rights reserved. Drugs 2006; 66 (4)



448 Nagaya & Kangawa

67. Okumura H, Nagaya N, Enomoto M, et al. Vasodilatory effect and muscle wasting in patients with chronic heart failure.
of ghrelin, an endogenous peptide from the stomach. J Cardi- Circulation 2004; 110: 3674-9
ovasc Pharmacol 2002; 39: 779-83

75. Nagaya N, Itoh T, Murakami S, et al. Treatment of cachexia
68. Nagaya N, Uematsu M, Kojima M, et al. Chronic administration with ghrelin in patients with COPD. Chest 2005; 128: 1187-93

of ghrelin improves left ventricular dysfunction and attenuates
76. Cittadini A, Grossman JD, Napoli R, et al. Growth hormonedevelopment of cardiac cachexia in rats with heart failure.

Circulation 2001; 104: 1430-5 attenuates early left ventricular remodeling and improves car-

diac function in rats with large myocardial infarction. J Am69. Wiley KE, Davenport AP. Comparison of vasodilators in human
internal mammary artery: ghrelin is a potent physiological Coll Cardiol 1997; 29: 1109-16
antagonist of endothelin-1. Br J Pharmacol 2002; 136: 1146-52

77. Osterziel KJ, Strohm O, Schuler J, et al. Randomised, double-
70. Nagaya N, Miyatake K, Uematsu M, et al. Hemodynamic, renal, blind, placebo-controlled trial of human recombinant growth

and hormonal effects of ghrelin infusion in patients with
hormone in patients with chronic heart failure due to dilatedchronic heart failure. J Clin Endocrinol Metab 2001; 86:
cardiomyopathy. Lancet 1998; 351: 1233-75854-9

78. Isgaard J, Bergh CH, Caidahl K, et al. A placebo-controlled71. Masuda Y, Tanaka T, Inomata N, et al. Ghrelin stimulates
gastric acid secretion and motility in rats. Biochem Biophys study of growth hormone in patients with congestive heart
Res Commun 2000; 276: 905-8 failure. Eur Heart J 1998; 19: 1704-11

72. Dornonville de la Cour C, Lindstrom E, Norlen P, et al. Ghrelin
stimulates gastric emptying but is without effect on acid secre-
tion and gastric endocrine cells. Regul Pept 2004; 120: 23-32 Correspondence and offprints: Dr Noritoshi Nagaya, De-

73. Date Y, Nakazato M, Murakami N, et al. Ghrelin acts in the partment of Regenerative Medicine and Tissue Engineer-
central nervous system to stimulate gastric acid secretion.

ing, National Cardiovascular Center, 5-7-1 Fujishirodai,Biochem Biophys Res Commun 2001; 280: 904-7
Suita, Osaka, 565-8565, Japan.74. Nagaya N, Moriya J, Yasumura Y, et al. Effects of ghrelin

administration on left ventricular function, exercise capacity, E-mail: nnagaya@ri.ncvc.go.jp

 2006 Adis Data Information BV. All rights reserved. Drugs 2006; 66 (4)


	Abstract 439
	1. Growth Hormone (GH) Secretagogues and the Discovery of Ghrelin 441
	2. Production and Distribution of Ghrelin and its Receptor 441
	3. Regulation of Ghrelin Secretion and the Circulating Ghrelin Level 442
	4. Biological Actions 442
	4.1 GH-Releasing Activity 442
	4.2 Orexigenic Effects 443
	4.3 Inhibition of Cell Apoptosis 443
	4.4 Attenuation of Sympathetic Nerve Activity 443
	4.5 Acute Haemodynamic Effects 444
	4.6 Chronic Haemodynamic Effects 444
	4.7 Gastrointestinal Functions 444

	5. Therapeutic Potential of Ghrelin in Treatment of Chronic Heart Failure 444
	5.1 Improvement in Cardiac Function 445
	5.2 Attenuation of Cardiac Cachexia 445

	6. Conclusions 446
	Acknowledgements 446
	References 446
	Correspondence 448
	Email 448

